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GENERAL INTRODUCTION 
 Epoxy and phenolic resins are versatile building materials used since long. 
With the advancement of modern civilization and development of scientific 
knowledge, the scientists all over the world are trying to modify such materials for 
their high performance applications. Before few decades such materials are 
being used in aerospace, encapsulation, casting, potting, electrical and 
electronics and marine. But recent scenario has been changed. Modified resins 
are being widely used in building materials, in automobile industries and in bio-
medical fields. Other applications include high-way marking paint, corrosion 
preventing and protective coatings, adhesives for concrete and ceramic tiles, 
sanitary wares, multilayer panel and ceilings, wood fiber boards. Ceramic filled 
plastics are used in lab sinks, counter tops, matrix tools for fiber glass lay up 
blocks, hydro blocks and draw dies, light, heat and sound proof building units, 
inner walls and lining the pipes, mending pottery, playground equipments and 
printed circuit boards [1-4]. Halogenated epoxy resins are well known for their fire 
retardant property and found useful in variety of fields. 
 
[1] Carter J. T., Emmerson G. T., C. Lo Faro, P. T. McGrail and D. R.  
Moore, Composites Part A: Applied Science and Manufacturing   
34, 83-91, (2003).  
[2] Lockheed Aircraft Corp.; Neth. 6,600,032, (1966); C.A. 66, 19490, (1967). 
[3] Mohamed Ei-Mikawi and Ayman S. Mosallam; Composites Part B: Engineering  27,  203-
215, (1996). 
[4] Malone, Laurence A. U. S. 4,054,548 (1977); C.A. 88,39098, (1978). 
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Epoxy resins are practiced as building material in combination with 
polyesters, phenolic resins, alkyd resins, drying oil, and inorganic salts which are 
generally incorporated as binder, hardener, filler or pigment. Epoxy resins 
reinforced with concrete, cement, coal tar, fly ash, carbon and glass fibre 
matrices and other mineral fillers to produce variety of building materials. Epoxy 
resins can be cured by tertiary amines, poly functional amines, and acid 
anhydrides, urea- and phenol formaldehyde resins and polysulfides.  
The composite is an ideal material for the manufacture of prefabricated, 
portable and modular buildings as well as for exterior cladding panels, which can 
simulate masonry or stone. Various types of composites find their applications in 
shuttering supports, special architectural structures imparting aesthetic 
appearance because of their light weight, longer life, low maintenance, ease in 
workability, fire retardancy and comparatively low cost. Epoxy resins are 
generally applied with either natural fibers or glass/carbon/graphite fibers for 
composite applications. 
 Owing to their better mechanical and thermal properties, good adhesion to 
glass fiber and less possibility to shrink when cured, epoxy resins are applied to 
prepare high performance glass fiber reinforced epoxy resin (GFRE) composites. 
GFRE composites are innovatively applicable in wide range of building materials 
as well as in electrical insulator, aerospace, automobile industries, semi 
permeable membrane, printed circuit boards, fishing rods and in biomedical 
applications [5-10]. 
A comprehensive study of the work to be incorporated in the thesis is 
subdivided into eight chapters: 
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CHAPTER-1: LITERTURE SURVEY ON EPOXY RESINS OF BISPHENOLS 
AND THEIR GLASS FIBER REINFORCED COMPOSITES 
           This chapter of the thesis describes the up to-date literature survey on 
synthesis, characterization and applications of epoxy and phenolic resins of 
bisphenols. 
CHAPTER-2:  SYNTHESIS OF MONOMERS, EPOXY RESINS AND  
    CURING AGENTS 
This chapter is further subdivided into three sections: 
SECTION-1: SYNTHESIS OF MONOMERS 
[A] Synthesis of 1, 1’-bis (3-R 4-hydroxy phenyl) cyclohexane (I)  
 1, 1’-Bis (3-R 4-hydroxy phenyl) cyclohexane (I) were synthesized by 
Friedel-Crafts condensation of phenol / o-cresol with cyclohexanone by using a 
mixture of HCl-CH3COOH (2:1 v/v) as a catalyst at 50-55oC for 4h and were 
repeatedly recrystallized from benzene and methanol-water systems prior to their 
use. 
[5] Michael Bannister; Composites Part A: Applied Science and Manufacturing, 32, 901-910, 
(2001). 
[6] Kandola B. K.,  Horrocks A. R., Myler P. and Blair D.; Composites Part A: Applied 
Science and Manufacturing, 34, 863-878, (2003). 
[7] Hirogaki T., Aoyama E., Inoue H., Ogawa K., Maeda S. and Katayama T.; Composites 
Part A: Applied Science and Manufacturing, 32, 963-968, (2001). 
[8] Ramkrishna S., Mayer J., Wintermamtel E. and Kam W. Leong; Composites Science and 
Technology, 61,1189-1224, (2001).   
[9] Hill Homer G.; U.S. 4’015’994, 1974; C.A. 87, 10306 (1977).  
[10] Farrar N. R., Ashobce K. H. G.; J. Phys. D. 11, 1009-13  1978; C.A. 88, 191888, (1978). 
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OH OH
R R
 
(I) 
 
BC: R=H  
       MeBC: R=CH3 
[B] Synthesis of 1, 1’-bis-(R, R’-4-hydroxy phenyl) cyclohexane (II)  
 BC and MeBC were chlorinated by using thionylchloride in carbon 
tetrachloride and sodium sulphide as a catalyst at 70oC for 3h. 
 BC was brominated by using bromine in glacial acetic acid at room 
temperature for 2h. Halogenated bisphenols were repeatedly recrystallized from 
appropriate solvent system(s) prior to use. 
OH OH
R'
R
R'
R
 
(II) 
                     ClBC: R=R’=Cl      ;      ClMeBC: R=CH3 and R’=Cl 
                      BrBC: R=R’=Br      ;      BrMeBC: R=CH3 and R’=Br 
SECTION-2 : SYNTHESIS OF CURING AGENTS  
[A] Synthesis of bisphenol-C-formaldehyde resin (III)  
 Bisphenol-C-formaldehyde resin (III) was synthesized by condensing 
bisphenol-C with formaldehyde and using alkali as a catalyst at 70OC for 2h. A 
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white crystalline resin was repeatedly purified from methanol-water system prior 
to its use. 
 
OH OH
CH2OH
CH2OHHO2HC
HO2HC
 
(III) 
BCF 
[B] Synthesis of 1, 1’-bis ( 4-amino phenyl)  cyclohexane (DDC) (IV) 
 1,1’-Bis ( 4-amino phenyl)  cyclohexane (DDC)  (IV) was synthesized  by 
condensing aniline with cyclohexanone using HCl as catalyst at 150OC for 4h. 
DDC was recrystallized repeatedly from benzene prior to its use. 
NH2 NH2
 
(IV) 
DDC 
SECTION-3 : SYNTHESIS OF EPOXY RESINS BASED ON HALOGENATED  
                         BISPHENOL-C (V)  
 Halogenated epoxy resins (v) were synthesized by condensing ClBC, 
ClMeBC and BrBC with epichlorohydrin by using isopropanol as a solvent and 
alkali as a catalyst at reflux temperature for 41/2h. The resins were extracted in 
chloroform and isolated as viscous liquids. 
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CH2 CH CH2
O
CH2 OCHCH2
O OH
O H HC 2O C OCH2
n
 
R R
R' R'
R R
R' R'
 
(V) 
ECB: R=R’=Cl  
                                                 ECM R=CH3 and R’=Cl 
                                                 EBB: R=R’=Br 
CHAPTER -3:  CHARACTERIZATION OF EPOXY RESINS  
This chapter is further subdivided into three sections. 
SECTION-1: DETERMINATION OF EPOXY EQUIVALENT OF EPOXY       
        RESINS 
The epoxy equivalent of the resins is determined by pyridine-pyridinium chloride 
method. 
SECTION-2 : CURING OF EPOXY RESINS  
 The epoxy resin can be cured by variety of hardeners. In present work the 
halogenated epoxy resins are cured by bisphenol-C-formaldehyde resin (BCF), 
tetrachloro phthalic anhydride (TCP), pyromellitic dianhydride (PMDA), 1,1’-bis(4-
amino phenyl) cyclohexane (DDC) and 4,4’-diamino diphenyl methane (DDM) of 
varying composition (10-50%) at different temperatures (150-3600C) for 1-5h. 
The solubility of cured resins is checked in different solvents. 
SECTION-3 : IR SPECTRAL CHARACTERIZATION OF CURED EPOXY         
  RESINS 
Formation of different linkages in the cured resins is supported by IR data. 
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CHAPTER – 4:  THERMAL ANALYSIS OF CURED RESINS  
 Thermal analysis of polymers provides information on polymer molecular 
architecture as well as degradation mechanism under specified conditions. It also 
provides useful temperature range for various applications. Cured resins are 
analyzed by DTA and TGA at the heating rate of 15oC / min. in an N2 
atmosphere. Various parameters obtained are determined and discussed in 
detail. 
CHAPTER - 5:  PREPARATION OF GLASS FIBER REINFORCED EPOXY-BCF 
COMPOSITES 
 The inclusion of reinforcing particles in thermoplastic or thermosetting 
matrices is an outstanding method to prepare composite materials, which 
includes the characteristics of both matrix and filler. Incorporation of fibrous 
material with polymeric material enhances the mechanical strength dramatically. 
The composite of polymeric matrix with man made fibres like glass, carbon, 
Kevlar, aramid etc. are practiced not only in aerospace application but also find 
their use in domestic and industrial applications as well. 
 The preparation of glass fiber reinforced composites of halogenated    
epoxy resins and BCF is described in this chapter. The resin content in the 
composites is determined gravimetrically. 
CHAPTER – 6:  PHYSICO-CHEMICAL PROPERTIES OF COMPOSITES 
 This chapter is further subdivided into two sections. 
SECTION-1: MECHANICAL AND ELECTRICAL PROPERTIES OF   
  COMPOSITES   
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 Mechanical and electrical properties of the composites are very important 
for application viewpoint in diverse fields. Tensile strength, breakdown voltage, 
volume resistivity and dielectric constant of the composites are determined 
according to ASTM methods and the results are discussed in light of related 
materials. 
SECTION-2 : CHEMICAL RESISTANCE OF COMPOSITES  
 The chemical resistance of the composites against water, acid, alkali and 
salt is determined for varying period (24h, 1week and 1month). The results are 
discussed and compared with related materials. 
CHAPTER–7:  SURFACE COATING OF MIXED RESINS ON METALS 
 This chapter describes in brief coating application of mixed resins on 
different metal substrate such as copper, tin and mild steel and tested for their 
electrical conductance and water, acid and salt resistance. 
CHAPTER–8:  COMPREHENSIVE SUMMARY  
 A Comprehensive summary of the work incorporated in the thesis is 
described in this chapter. 
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LITERATURE SURVEY ON EPOXY RESINS OF BISPHENOLS AND THEIR 
GLASS FIBRE REINFORCED COMPOSITES 
This chapter of the thesis describes general introduction, literature 
survey on bisphenols and epoxy resins of bisphenols and their glass 
reinforced composites. 
[A] GENERAL INTRODUCTION 
 Civilized culture of mankind has fulfilled their basic needs and 
implements by a range of natural polymeric materials in old era. But the 
development of synthetic polymeric materials has changed the human life 
style and helped to extend the range of activities in the field of science. A wide 
variety of polymeric materials of many different types is discovered and that is 
still going on to facilitate our life with the countless technological, industrial 
and domestic applications of polymers. 
 The word polymer is derived from the Greek word ‘poly ‘– many and 
‘meros’-part. The term ‘resin’ is frequently used to refer to any material whose 
molecules are polymer. Originally this term was restricted to natural 
secretions usually from coniferous and similar synthetic substances. Now the 
term is generally used to indicate a precursor of cross-linked polymeric 
materials such as epoxy and novolac resins.    
 The phenolic resins are the first commercialized polymeric products 
from simple low molecular weight compounds. Phenolic resins are also widely 
termed as phenol formaldehyde resins, PF resins or phenoplasts.  
The phenolic resins are produced by condensation of a phenol or 
mixture of phenols with an aldehyde. Commercially available phenolic resins 
are commonly based on phenol itself and formaldehyde. Cresols, xylenols 
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and resorcinol are used to a much less extent. Furfural is used as aldehyde 
exclusively in production of PF resins. 
The condensation of an excess of phenol with formaldehyde under 
acidic condition results into resinous mass named novolac resins, while the 
condensation of phenol with an excess of formaldehyde under basic condition 
produces resol type resins. 
Soluble, fusible and low molecular weight resins (phenolic, amino 
plastics, epoxies, polyesters and furan resins) are converted into high 
molecular weight insoluble and infusible network structure by cross-linking. 
Resol type resins are cross-linked simply by heating and the conversion of 
novolac resins into network structure involves incorporation of cross-linking 
agents. 
The mechanical properties of the network polymers are considerably 
influenced by adding fillers. Cured phenolic resins have good heat stability 
and high chemical resistance. But they are applied adequately for insulation 
application since their electrical insulating properties are not outstanding. 
Phenolic resins have relatively poor tracking resistance under conditions of 
high humidity. 
Phenolic resins are well known for two major applications in molding 
and laminates. They are also applied in other applications. 
Cast phenolic resins are important plastic material. Self extinguishing 
phenolic resin foams are developed recently but are more expensive than well 
expanded polystyrene. Other commercially practiced phenol formaldehyde 
resins are ‘fiber-resin perform moldings’, which provides characteristics of 
molded powder and laminates. Such perform moldings are particularly useful 
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in carrying containers, protective covers, television receiver backs, molded 
suitcases and in computer parts. Phenolic resins are useful in surface coating 
materials and in adhesive preparation. They are also applied to impregnate 
wood and metal coil to give a rigid, heat and water resistance structure [1-5]. 
 The term epoxy means a chemical functional group consisting of one 
oxygen atom and two carbon atoms are bonded to form a three membered 
ring. The simplest epoxy compound is ethylene oxide (I). 
O
C C
O
CH2H2C
 
    (I) 
Epoxy group is also called epoxide or oxirane group, while the terms 
epoxies, epoxy resins or epoxides are practiced to refer cross-linked polymers 
or low molecular weight resin precursors. Epoxy resins are the condensation 
products of epichlorohydrin and various bisphenols. At present bisphenol-A is 
commercially applied to produce epoxy resins of different viscosities for wide 
field of applications. 
Epoxy resins are firmly established in number of important applications 
like surface coatings, encapsulation of electronic components, other 
applications include adhesives, castings and laminates though they are 
relatively high cost.  
[1] Martin R. W. “The Chemistry of Phenolic Resins”, John Wiley, New York (1956) 
[2] Brown W.J. “Laminated Plastics”, Plastic Institute Monograph No-E4, London (1961) 
[3] Harris G. I. Brit. Polym. J., 2, 279 (1970) 
[4]  Saunders K. J.; “Organic Polymer Chemistry” p272, Canada (1971) 
[5] Brydson J. A. “Plastic Materials”, sixth edn. (1995), p616-647, Butter Worth-
Heinemann, London (1995) 
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Epoxy resins are characterized by viscosity, colour, hydroxyl 
equivalent, epoxide equivalent, average molecular weight and molecular 
weight distribution, melting point of solid resin and heat distortion temperature 
of cured resin by standard analytical procedure. 
Commercial liquid epoxy resins are essentially of low molecular weight 
diglycidyl ether of bisphenol-A and small quantities of higher molecular weight 
polymers. The preparation of diglycidyl ether of bisphenol-A is described in 
the following scheme. 
Cl CH OHCH2
O
CH2 HO C
CH3
CH3
O
CH CH2 ClCH2+ +
 
NaOH
              
Cl CHCH2 CH2
OH
C
CH3
CH3
O O CH CH2 Cl
OH
CH2
 
NaOH
 
CH2 C
CH3
CH3
O O
O
H2C
O
CH2CH CHCH2
 
      The diglycidyl ethers have molecular weight in the range 340-400. 
Higher molecular weight resins are prepared by using reduced amount of 
epichlorohydrin in strong alkaline conditions, which favor the reaction of 
epoxide group with bisphenol-A. If diglycidyl ether is considered as a 
diepoxide; it will further react with hydroxyl groups to form high molecular 
weight epoxy resin as shown in following scheme: 
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O
CH2CHR + HO
NaOH
CH2CHR
OH
O
 
CH2 *
n
 
C
CH3
CH3
O O
O
H2C CH2CH CH
OH
C
CH3
CH3
O O
O
CH2CHCH2 CH2
 
 Curing of epoxy resins takes place either through epoxy group or 
hydroxyl group involves two types of curing agents, catalytic system and 
polyfunctional cross-linking agents. 
 The catalytic cross-linking occurs in presence of hydroxyl group, which 
may be present due to the following circumstances: 
1. They will be present in the higher molecular weight homologues of 
the diglycidyl ether of bisphenol A. 
2. They may be introduced by the curing agent or modifier. 
3. They will be formed as epoxy rings are opened during cure. 
4. In unreacted phenol type materials they are present as impurities. 
The epoxy-hydroxyl reaction is given by as below:  
R OH
O
CH RO CH2 CH
OH
CH2+
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The product formed contains new hydroxyl group which further undergoes the 
catalytic reaction and network structure is obtained. 
 
R OH
O
CH RO CH2 CH
OH
RO CH2 CH
OH
O
CH
RO CH2 CH
O CH2 CH
OH
CH2
CH2
+
+
 
The epoxy resins can also be cross-linked by polyfunctional amines, 
acids and acid anhydrides, which link across the epoxy molecules. The 
reaction mechanisms are given below: 
1. With amines 
 
O
CHN
HH
R
CH2
O
CH
CH2CH
OH
N
R
CH
OH
CH2
CH2
+ +
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2.  With acids 
O
CHRCH2
O
CH COOH COOH
CHRCH2CH COOOOC
OH OH
CH2
CH2
+ +
 
  Acids and acid anhydrides reaction can also occur via hydroxyl groups 
those are present, including those formed on opening of the epoxide ring [6-
11].  
R COOH + HO R COO +
H2O 
  There is a large range of composites available commercially, 
which include the phenolic, amino plastics, polyesters, epoxides, silicones and 
the furan resins reinforced with natural fibres like jute, hemp, cotton, sisal, 
banana and coir and also with man made fibers like carbon, aramid, paper 
asbestos and glass fibers.  
The preparation of composite involves reinforcement of fibre matrix 
with a resin, a curing agent and a solvent in some cases under heat and 
[6] Lee H. and Neville K., “Epoxy Resins” McGraw-Hill, New York (1957) 
[7] Lee H. and Neville K., “Hand Book of Epoxy Resins” McGraw-Hill, New York (1957) 
[8] Wismer M. “Chemical Reactions in Polymers” (E.M.Fettes, ed.) Inter Science, New 
York, p-905 (1964) 
[9] Potter W. G. “Epoxide Resins” lliffe Books, London (1970) 
[10] Sounders K. J. “Organic Polymer Chemistry” p370, Canada (1971) 
[11] Brydson J. A. “Plastic Materials” p722-752, Butter Worth-Heinemann, London (1995) 
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pressure. The curing agent acts as a catalyst; fibre matrix enhances the 
strength and other properties of the composites. Resins applied in preparation 
of composites are of two types: 
(1) Thermosetting resins 
(2) Thermoplastic resins 
 Thermosetting resins are widely applied than thermoplastic resins. 
Some of the more common thermosetting resins used in the preparation of 
composites are epoxies, polyurethanes, phenolic, polyamides, and 
polyimides. Of these, epoxies are the most commonly used in plastic molded 
composites (PMC) industries ranging from low viscosity liquids to high 
molecular weight solids for over 40 years. 
Phenolic and amino resins are another group of PMC resins. Other 
areas of applications of epoxy and phenolic reinforced glass fibre composites 
are in aerospace, marine, electrical encapsulation, coating application, 
building material and bio medical applications. 
[B] LITERATURE SURVEY ON BISPHENOLS 
Bisphenols are important constituent or intermediates in dyes, drugs, 
paint and varnish, coating, pesticides, plasticizers, fertilizers, bactericides and 
in other applications. They are most widely used in manufacturing thermally 
stable polymers, epoxy and polyester resins. 
Farbenind [12-13] has studied the condensation of phenols and ketones 
[12] Farbenind I. G.; Condensation of ketones with phenols. Fr. 647,454; C.A. 23, 2540 
(1929). 
[13] Farbenind I. G.; Phenol ketone condensation products. Ger. 467,728 (1927); C.A. 23, 
1729 (1929). 
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in the presence of acetic acid, hydrochloric acid at 50oC and also reported 
the melting points of 1,1’-bis(4-hydroxy phenyl) cyclohexane (186oC). 1, 1’-
bis (3-methyl-4-hydroxyphenyl) cyclohexane (186oC) and 1, 1’- bis (4-hydroxy 
phenyl)-4-methyl cyclohexane (179oC). The products are useful as 
intermediates for dyes and drugs. 
 McGreal et al [14] have reported the condensation of ketones (0.5 mol) 
and phenols (1.0 mol) in acetic acid. The solutions were saturated with dry 
HCl for 3-4 h and the mixture was kept up to four weeks until the mass 
crystallized. The yields with aliphatic and aromatic ketones were 10-25% and 
with cyclic ketones 50-80%.  
They proposed the following mechanism. 
1.   The addition of phenol to ketone 
                  PhOH + R2CO → R2C(OH)C6H4OH 
           2.    R2C(OH)C6H4OH + PhOH → R2C(C6H4OH)2 + H2O 
 Johnson and Mussell [15,16] have reported synthesis of 1,1’-bis(4-
hydroxyphenyl) cyclohexane (I) using 5 mol phenol, 1 mol cyclohexanone and 
H2S or BuSH below 40oC with 0.1-0.3 mol dry HCl gave m.p. 186-87oC (I); 2 
Me-(I), 236-40oC; 4-Me-(I) 178oC; 1, 1’-bis (4-hydroxy-3-methyl phenyl) 
cyclohexane m.p. 187oC and 1, 1’-bis (4-hydroxy-3-isopropyl phenyl) cyclo- 
hexane, m.p. 109-111.5oC. Mash containing small quantities of bisphenol (I) 
[14] McGreal M. E., Niederl V. and Niederl J. B.; Condensation of ketones with phenols. J. 
Am.Soc. 61, 345-8 (1939); C.A. 33, 2130 (1939). 
[15] Johnson J. E. and Mussell D. R.; Bis (hydroxy phenyl) cyclohexane compositions. 
U.S. 2,538,725 (1951); C.A. 45, 4412 (1951). 
[16] Johnson J. E. and Mussell D. R.; Diphenol compound composition for coccidiosis 
control. U.S. 2,535,014 (1950); C.A. 45, 2635 (1951). 
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protect chickens from coccidiosis better than does a sulfaguanidine. They 
have also reported that coccidial infection in poultry may be suppressed by 
feeding a bisphenol (p-HO (C6H4)2 – C-RR’) in which R’ is a phenyl or alkyl, R 
is H or alkyl. 
 Bender et al [17] have reported preparation of various bisphenols by 
reacting phenol, NaOH and acetone. The mixture was refluxed for 16 h and 
acidified to pH 2-3 with 6N HCl. The yield was 47.5%. Similarly they have also 
synthesized 1, 1’-bis (4-hydroxy phenyl) cyclohexane (m.p. 134-41oC). 
 Bender et al [18] have reported the preparation of bisphenols by 
irradiating a mixture of ketone and phenol at 20-100oC with β-rays or 
ultraviolet in the presence of 37% aq. HCl or 70% aq. H2SO4 as a 
condensing agent and stirring at 30-37oC. 1, 1’-Bis (4-hydroxy phenyl) 
cyclohexane (m.p. 156-9oC) was obtained in 93% yield from 1 mol 
cyclohexanone and 4 mol phenol. 
 Farben fabriken [19] has reported the preparation of 4, 4’-dihydroxy 
diphenyl cyclohexane (m.p. 186oC) using cyclohexanone (78 kg) and excess 
phenol (400 kg) in the presence of 38% HCl (80%) as a catalyst at room 
temperature for 6 days.  
Farnham et al [20] have reported condensation of ketone with a 
methyl group in α-position to the CO group such as acetone, PhCOMe or 
[17] Bender H. L., Conte L. B. and Apel F. N.; Bisphenols. U.S. 2,858,342 (1958); C.A. 53, 
6165 (1959).  
[18] Bender H.L., Conte L.B. and Apel F.N.; Bisphenols. U.S. 2,936,272 (1960); C.A. 54, 
2635 (1960). 
[19] Farben fabriken; 4, 4’ – Dihydroxy diphenyl cyclohexane Ger. 1,031,788 (1958); C.A. 
54, 19,603 (1960). 
[20] A.G.Farnham, F.N.Apel and H.L.Bender; Bisphenols. Ger. 1,242,237 (1967); C.A. 68, 
59,282 (1968).  
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cyclohexanone with an excess of phenol like phenol itself, o-cresol and o-
chlorophenol (ratio 1.3-2.0) with a free para position at 40-100oC in the 
presence of an insoluble anhydrous sulfonated cation exchange resin. 
Freudewald et al [21] have reported the condensation of phenol (94 g) 
with cyclohexanone (8 g) in the presence of 2 g EtSH and anhydrous HCl (4.7 
g) and heating at 70oC in closed system for 3 h to give 97% yield of 1,1’-bis(4-
hydroxy phenyl) cyclohexane. 
 Rao et al [22] have reported a convenient method for the preparation of 
bisphenols. Cyclohexanone was treated with PhOH at 40oC and with o-cresol at 
room temperature in the presence of HCl and AcOH to give 1, 1’-bis (4- hydroxy 
phenyl) cyclohexane and 1, 1’- bis (3-methyl-4-hydroxy phenyl) cyclohexane, 
respectively. 
 Garchar et al [23-26] have studied optimization reaction conditions for  
[21] Freudewald, Joachim E., Konarad and Frederic M.; p-Phenyl phenol. Fr. 1,537,574 
(1968); C.A. 71, 21,868 (1969). 
[22]  Rao M.V., Rojivadiya A. J., Parsania P. H. and Parekh H. H.; Convenient method for 
the preparation of the bisphenols. J. Indian Chem. Soc., 64, 758-9(1987). 
[23] Garchar H.H., Shukla H.N. and Parsania P.H.; Kinetics of formation of 1, 1’-bis (3-
methyl-4-hydroxy phenyl) cyclohexane. Indian Acad. Sci. (Chem. Sci) 103, 149-153 
(1991). 
[24] Garchar H.H., Shukla H.N. and Parsania P.H.; Synthesis and evaluation of bisphenol-
C and its derivatives as potential antimicrobial and antifungal agents. Asian J. Chem., 
5, 340-347, (1993). 
[25] Garchar H.H. and Parsania P.H.; Optimization reaction conditions for synthesis of 1, 
1’-bis (3, 5-dimethyl-4-hydroxy phenyl) cyclohexane. Asian J. Chem., 6, 87-91 (1994). 
[26]  Garchar H. H. and Parsania P. H.; Optimization reaction conditions for synthesis of 
1,1’-bis(4-hydroxy phenyl) cyclohexane. Asian J. Chem., 6, 135-137 (1994). 
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synthesis of 1,1’-bis(R,R’-4-hydroxy phenyl) cyclohexane by condensing 
cyclohexanone (0.05 mol) and phenol, o-cresol, and 2,6-dimethyl phenol (0.1 
mol) in the presence of varying mixture of hydrochloric acid and acetic acid 
(2:1 v/v) at four different temperatures : 40o, 50o, 60o, 70oC. They have 
reported optimum catalyst concentration (10-15 ml), time (30-90 min) and 
temperature (55-70oC) for obtaining yields greater than 80%. They have also 
synthesized chloro, bromo and nitro derivatives and screened for their 
potential antimicrobial and antifungal activity against different microbes. Some 
of these compounds are significantly found active against B. subtilis, S. 
pyogens and A. niger. Nitro compounds are found to be the most active 
antifungal agents. 
[C] LITERATURE SURVEY ON EPOXY AND FORMALDEHYDE 
RESINS AND THEIR GLASS COMPOSITES 
 The research activities in the polymer science include the synthesis 
and characterization of epoxy and phenolic resins. The study of effect of 
processing conditions on physical and mechanical properties and 
reinforcement of resins with different matrices is also widely performed in all 
over the world and still continuously carried out. 
 In early stage of their development, epoxy resins were used almost 
entirely for surface coating, while phenolic resins were used widely in molded 
articles, encapsulation, adhesives and binders. Now a days epoxy resins are 
increasingly used as contemporary plastics in a wide variety of applied areas. 
Thermosetting epoxy resins possess improved thermal and mechanical 
properties and can be prepared of different viscosities, which facilitate their 
applications. Their extreme thermal stability, high adhesive strength, chemical 
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resistance, lower shrinkage when cured, convenient to process and better 
electrical properties make them the preferred choice for polymer composites, 
aerospace applications, coating applications, appliance, adhesives, etc. 
 Today computer and space science are the rapid growing fields of 
science. Epoxy resins are exclusively used as polymeric material in computer 
hardware parts. Phenolic resins are the most important constituent of aircraft 
interior due to their excellent thermal and mechanical properties, better 
chemical resistance, low smoke emission when burnt, and excellent electrical 
insulating property.  
 Modern composite materials, generally reinforcement of various resins 
with natural or man made synthetic fibers, are becoming a significant 
constituent of the engineered materials market ranging from everyday 
products of specified advanced applications. Such high performance fibre 
reinforced plastics (FRP) have started to challenge the most ubiquitous 
materials such as steel, aluminium alloys and metal-composite hybrids. Each 
type of composite brings its own performance characteristics that are typically 
suited for specific applications. 
 The newer polymer resin matrix material and high performance 
reinforcement fibers of glass, carbon and aramid are introduced in the field of 
diverse applications viz: composite designed to resist explosive impacts, fuel 
cylinders for natural gas vehicles, windmill blades, industrial drive shafts, 
support beams of high way bridges and even paper making roller. 
 Epoxy and phenolic resins reinforced with glass fibers result into 
composite materials offering great thermal and mechanical stability, good 
chemical resistance and sound and electrical insulation. 
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 By 1900 the only plastics materials available were shellac, gutta 
percha, ebonite and celluloid. The ability of formaldehyde to form resinous 
substances with phenols was discovered in the second half of 19th century. In 
1859 Butlerov reported formaldehyde polymers while in 1899 Arthur Smith 
took out British patent 16274 on phenol formaldehyde resins, which substitute 
ebonite in electrical insulation. Finally, 119 patents were taken by Hendrik 
Baekeland in 1907 on controlled techniques for production of useful phenol-
formaldehyde plastics. 
 Interesting developments were also taking place in the field of thermosetting 
resins. The epoxide resins appeared commercially in 1939. German scientist 
I.G. Farben took patent 676 117, which described liquid polyepoxides.  
 Pierre Castan [27,28] has prepared thermosetting resins by 
condensing 4, 4’-dihydroxydiphenyl-2, 2’-propane and epichlorohydrin by using 
alkali as a catalyst. The resulting resin was further condensed with acid 
anhydride to give infusible and insoluble mass. Thus, 2,228 g of 4, 4’-
dihydroxydiphenyl-2, 2’-propane was dissolved in 2 g-molecules of a 15% 
caustic soda solution and heated to 65oC. To this solution 185 g of 
epichlorohydrin was added drop by drop in the course of one h at the same 
temperature with continuous stirring to obtain soft resin, which became hard 
and after the desired consistency has been reached, the resin was washed 
and dissolved in acetone freed from salts, then was freed from water and 
solvents. A hard resin of a light yellowish colour (m.p. ∼ 75oC) was reacted 
with 140 g of molten phthalic anhydride at 120oC for 1 h and at 170oC for 30 
[27] Pierre Castan, Switz.; Process of preparing synthetic resins. U.S. 2,324,483 (1942). 
[28] Pierre Castan, Switz.; Process for the manufacture of thermosetting synthetic resins 
by the polymerization of alkylene oxide derivatives. U.S. 2,444,333 (1943)  
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min. The resultant mass was infusible and insoluble. Unhardened resin was 
soluble in acetone, chloroform, 1:4 alcohol benzol solutions and insoluble in 
water, benzol, alcohol, carbon tetrachloride. 
Greenlee [29] has patented compositions of phenol aldehyde 
condensates with complex epoxides in regulated proportions to give valuable 
compositions useful for adhesives, films, molded articles. Alkali catalyzed 
phenol formaldehyde resin of different proportions and epoxide resins from 
bisphenol and epichlorohydrin (I) and bisphenol in various proportions in 
presence of alkali at 150oC for 1 h were taken in different amount to give 
infusible, hard and flexible product. 
Silver and Atkinson [30] have synthesized epoxy resins for glass cloth 
laminates and studied their physical properties. Glass cloth epoxy resin 
laminates have exceptional high physical strength as compared to polyester 
glass cloth laminates. Amine catalyzed laminates with ECC181-114 glass 
cloth have flexural strengths as high as 85000 psi and flexural strength moduli 
4 x 106 psi. 
Greenlee [31] has prepared epoxide resins of bisphenol. Thus, 798 
parts bisphenol was dissolved in 200 parts NaOH in 1730 parts H2O and 
mixed 650 parts epichlorohydrine. The resultant mass heated at 70oC for 45 
min, then 80 parts NaOH in 200 parts H2O was added and heated at 82oC 
for30 min. Further 29 parts NaOH in 100 parts H2O added and heated at 95oC 
[29] Greenlee S. O., Louisville Devoe & Reynolds Company; Phenol-aldehyde and 
epoxide resin compositions. U.S. 2,521,911 (1946). 
[30] Silver I. and Atkinson  H.B.; Epoxy resins in glass cloth laminates. J. Modern Plastics 
28, 1139114, 1169118-120-122; (1950) C.A. 45, 383 (1951). 
[31] Greenlee S. O.; Epoxide resins. U.S. 2,582,985 (1952); C.A.46, 4275 (1952). 
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for 1 h. The resultant resin (m.p. 43oC and molecular weight 451), is washed 
and dried at 130oC. The resins may be further treated with dihydric phenols 
used to form higher melting epoxide resins or infusible products useful in 
varnishes, molding compositions or plasticizers. 
Ralph Marotta [32] has reported fire retardant and weather resistant in 
tumescent coating for wood, metal or other material. It is prepared from the 
reaction product of anhydrous NH3 with phosphoryl chloride and a film forming 
condensation product of 2, 2’-bis (p-hydroxy phenyl) propane with epichlorohydrin. 
Pigments, fillers, plasticizers and thermosetting resins such as phenol 
formaldehyde or amino plasts can be included.  
For application all ingredients are dissolved in a suitable organic 
solvent. Improved adhesion, hardness and water resistance and solvent 
resistance are obtained by baking the coated product at 225-450oF for 50-60 
min. or by the addition of an alkaline catalyst before application. 
Joseph [33] has reported phenolic resin laminates with high flexural 
strength. Resin mixture of 200 g of epoxy resin, 50 g phenol-formaldehyde 
resin, 60 g of epoxy hardener (ethylene diamine), 1 ml linseed oil as a 
plasticizer, 1.5 ml concentrated HCl and 75 g acetone as a solvent 
impregnated on sheets of glass cloth to prepare a laminate with flexural 
strength of ~ 110 000 psi. 
 Badische [34] has prepared epoxy resin foams from aqueous dispersions. 
[32] Ralph Marotta; Fire-retardant intumescent coating. U.S. 2,676,162 (1954); C.A. 48, 
8449 (1954). 
[33] Joseph V. Madden; Phenolic resin laminates with high flexural strength. U.S. 2,810-
674, (1957); C.A. 52, 2458 (1958). 
[34] Badische Anilin, Soda-fabrik; Epoxy resin foams from aqueous dispersions. Ger. 
1,080,774 (1960); C.A. 55, 14982 (1961). 
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Aqueous dispersion of glycidyl type epoxy resins, primary amine-curing 
agents and accelerators are used to produce rigid foams suitable for finishing 
textiles. Thus, 100 parts of epoxy resin of bisphenol-A and 15 parts 
benzensulfohydrazide dispersed in 70 % H2O and 20 parts dipropylene 
triamine was added with stirring. In a few min., foam of 0.1 sp. gr. was 
produced. 20 parts poly (vinyl chloride) resin and 20 parts 2, 3-dibromopropyl 
phosphate may be added to the dispersion to increase the flame resistance of 
the foam and to make it suitable for architectural uses. 
Venkov and Trostyanskaya [35] have reported curing of epoxide 
adhesive based on ED-6, and maleic anhydride used as a curing agent at  
80oC for 4 h in presence of catalyst diethylaniline to give adhesive of breaking 
strength 600 kg/cm2. Epoxy resin containing 40 % phenol-formaldehyde resin 
was cured at 150-60oC for 6 h to give adhesives of similar strength. 
 CIBA Ltd. [36] has developed coating materials based on epoxy resin 
for application on floors, roofs and walls at room temperature. Quartz sand 
having a grain size of 0.1-0.6 mm is added as fillers depending on the 
viscosity of the resin. Thus, 100 parts of an epoxy resin obtained by alkaline 
condensation of epichlorohydrin with 2, 2’-bis (4-hydroxy phenyl) propane is 
thoroughly mixed with 26 parts di-butyl phthalate and 600 parts quartz sand, 
together with 14 parts triethylenetetramine. The mortar has a pot life of about 
2.0-2.5 h. It is spread on concrete floor to a depth of 4 mm. Hardening 
required 24-28 h. The composition showed excellent adhesion and chemical 
resistance to chemicals. 
[35] Venkov E. S. and Trostyanskaya E. B.; Curing of epoxide adhesive compositions and 
compounds. Plasticheskie Massy 8, 16-18, (1961) C.A. 56, 4980 (1962). 
[36] CIBA Ltd. Epoxy resin containing coatings. Brit. 883,521, (1961); C.A. 56, 11746 
(1962).  
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Pierre and Claude [37] have reported epoxy resin for varnishes in 
which phenols are treated with HCHO in basic solution and the products 
condensed with epichlorohydrin. The resulting polymers are esterified with 
long chain fatty acids, which may be unsaturated, and dehydration is effected 
with acid catalysts to produce rapid-drying films.  Thus, 150 g of p-tertiary-
butyl phenol and 185 g formalin were allowed to react 2 days in 
alkaline solution and then converted to a resin by treatment with 110 g 
epichlorohydrin at 50-60oC for 5 h and neutralized with HOAc. The separated 
resin was washed well with H2O and heated to remove H2O; the resin was 
heated to 180-200oC in presence of xylene until the desired consistency was 
reached and then treated in an inert atmosphere with 220 g of fatty acid from 
dehydrated castor oil and finally diluted with C6H6. Rapid drying films were 
obtained on addition of Co or Pb naphthenate. The resulting films are 
relatively resistant to alkali.  
Martin et al [38] have prepared flexible adhesive film. A composite film 
nontacky at room temperature contains a thermosetting phenolic 
resin/elastomer and epoxy resin layer that can be melted and subsequently 
rapidly thermo set.  
The film bonds especially well to honeycomb structures. Thus, an 
epoxy resin mixture was prepared by heating 100 parts of the reaction product 
epoxy resins were similarly prepared from epoxy condensates of different 
viscosities, m.p.s and epoxy equivalents and other hardeners. 
[37] Pierre Castan and Claude Gandillon; Epoxy resins for varnishes. U.S. 3,028,348 
(1962); C.A.57, 11338 (1962).  
[38] Martin F., Warren C., Pagel, and George M.; Flexible adhesive film. Ger. 1,100,213 
(1961); C.A. 58, 11551 (1963).  
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 Henri Wache [39] has reported corrosion preventing epoxy resin 
coatings. Pipes and structural members are coated with a viscous solution 
containing 30% epoxy resin, 10% coal tar pitch, and 60% heavy anthracene 
oil. The coating has dusted with a dry immobilizing and curing material 
containing 87% sand, 1% diethylenetriamine, and 12% coal tar pitch. The 
200-500 micron coating cured in 3-40 h.  
Chih-Lu-wang et al [40] have developed epoxy-phenol-formaldehyde 
type adhesives. They have studied shear strength of the above type of 
adhesives. The resins not only had good adhesive property and heat 
resistance property but also cross-linked with epoxy resins to produce high- 
strength adhesives. When an amine-type curing agent was used, the heat of 
reaction was lowered. Therefore a room temperature curing adhesive could 
be prepared. The rigidity of this type resin could be regulated by introducing a 
suitable amount of linear polymers into the monomer liquids. 
 Lee et al [41] have reported synthesis of resorcinol-epoxy adhesive 
and evaluation of its mechanical properties. A resorcinol-epoxy resin was 
synthesized, which when used as an adhesive give shear strengths of  approximately 
1570 psi in at 73oF and 2110 psi in. at 160oF and average impact strength of 
[39] Henri Wache; Corrosion preventing epoxy resin coatings. Fr. 1,293,072 (1962); C.A. 
58, 3611 (1963). 
[40] Chih-Lu Wang, Tao-I Ch’en, Kuo-Ts’ai ch’en, Sn-Yuan Wang, and Li-shun P’o; 
Epoxy-phenol formaldehyde type adhesives. Hua Hsueh Tung Pao, 10, 41-3, (1962); 
C.A. 58, 9287 (1963). 
[41] Hsueh T. Lee, Eileen R. Swick and Michael J. Bodnar; Synthesis of a resorcinol 
epoxy adhesive and evaluation of its mechanical properties. U. S. Dept. Com., office 
Tech. Serv., P. B.  Rept. 161, 785 (1960); C.A. 58, 14210 (1963). 
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16.8 ft. lb. /0.75 sq. in at -65oF when bonding steel to steel. Although a room 
temperature cure can be accomplished by using 8.2 parts diethylenetriamine 
curing agent per 100 parts resin. The rise in shear strength at 160oF indicated 
that curing at elevated temperature would be more effective in achieving the 
maximum adhesive properties of this material.  
Dynamit- Nobel A [42] has studied phenol formaldehyde and epoxy 
resin containing parts. Sheet stock is prepared by impregnating a 140 g/cm2 
glass cloth with mixture of 3 kg phenolic resin and 4 kg epoxy resin of epoxy 
equivalent weight 200 dissolved in 6 kg acetone and containing 35 g (dimethyl 
amino) propylamine as a catalyst. The sheet is dried for 4 h at 60oC. The 
phenolic resin is a novolac containing 7 phenol nuclei per mole. The epoxy 
resin is prepared by treating a novolac containing 4 phenol nuclei per mole, 
with an excess of epichlorohydrin at 1000C in the presence of 1 mole NaOH 
per mole phenolic OH groups and distilling off excess H2O and 
epichlorohydrin.  
To make a 1 mm thick sheet, 4 of the glass-impregnated plates are 
pressed together for 15 min. at 175oC and 100 kg/cm2. Such a sheet showed 
high resistance to bonding and good hardness in heat. 
Alexender [43] has reported self-extinguishing epoxy oleo resinous 
coating compositions. It is prepared by the reaction product of 40-70% of an 
adduct of epoxy and novolac resin containing two-six phenolic nuclei and 
halogenated phenol with 30-60% of a C8-22 unsaturated fatty acid, the halo- 
[42] Dynamit-Nobel A.; Phenol formaldehyde and epoxy resin containing parts. Ger.  
1,184,496 (1964); C.A. 62, 10636 (1965). 
[43] Alexendar M. Partansky; Self-extinguishing epoxy oleoresinous coating composition. 
U.S. 3,239,476 (1966); C.A. 64, 16140 (1966). 
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phenol containing sufficient halogen to provide ≥ 2-10% Br or ≥ 18% Cl. Thus, 
an adduct of epoxy resin having average no. of epoxy equivalent/mole 1.48; 
was prepared by reaction of 1.25 moles of epoxy-novolac with 2.0 moles 2,4-
dibromophenol in the presence of 2 ml of a 10% solution of Et3N. Thus, 63.5 
parts above reaction product reacted with dehydrated castor oil fatty acids at 
238oC for 2 h gave an ester having an acid no. of 5.9 and Br content of 
16.6%. When this ester was reduced to a viscosity of 400 cp with xylene and 
dryers were added, a coating which air dried in 1 h and 29 min. to a shear 
rocker hardness of 38 was obtained. This coating was unaffected by 5% 
aqueous NaOH in 2h; 10% HOAc in 2 h. It was self-extinguishing when tested 
according to ASTM D635-56-T. Such an air drying or baking type protective 
coating especially useful for preventing surface fires on non combustible 
bases such as metals.  
 Nikolaev et al [44] have reported thermally hardened epoxide-novolac 
compositions free of volatile substances. They have studied hardening of 
resins mixture of different compositions. The compositions were prepared by 
condensation of 100 parts by weight epoxy resin and 150 parts novolac resin 
at 120oC for 30 min. to which 50 parts epoxy resin was added and the 
condensation continued at 120oC for 30 min. A steel wire was introduced into 
casting form, resin was poured and after hardening of epoxy and novolac 
resins at 120-130oC during 30 min. wire was withdrawn with force of ≤ 250 Kg 
and thus adhesion study was carried out.  
[44] Nikolaev A. F., Trizno M. S. and Petrova L. A.; Adhesion of thermally hardened 
epoxides-novolac compositions. Plasticheskie Massy 8, 23-6 (1966); C.A. 65, 18774 
(1966).   
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Villamosszigetelo and kalman [45] have prepared plastic insulating 
sheets. 3-5% by weight amino-plast resin was applied to bleached soda 
cellular paper by impregnation. The paper was dried and impregnated with  
solution containing 27% liquid epoxy resin, 33% PF resin (1:0.9 mol ratio) and 
40% EtOH. The impregnation was continued till 12-40% resin was taken up. 
The product was dried at 130-60oC, shredded and pressed at 80 kg/cm2 and 
heated at 160±5oC for 20 min. to give 20 mm thick sheet with three-
dimensional network structure.  
 Bart [46] has studied flame retardant epoxy resins, which are obtained 
from halogenated bisphenol-A. Thus, 489.5 g tetrabromobisphenol-A (I) was 
added to 1011 g bisphenol A diglycidyl ether having epoxide equivalent 186 at 
70oC under N2 with stirring. 
 The mixture was heated to 104oC, stirred to homogeneities, and cooled 
to 70oC and 2.8 lbs, Et3N was added. The mixture was heated to 105oC and 
the temperature raised to 145oC by exothermic reaction. The mixture was 
heated to 165oC for 30 min. and the reaction vessels evacuated to remove 
volatiles to give 99% resin having epoxide equivalent 476; Duran softening 
point 3; Br content 18.7%; hydrolysable chlorine 0.1%; molecular weight 964 
and specific gravity 1.3974. A 100:3 mixture of resin and BF3-EtNH2 was 
mixed with Me2CO to give a 50% solution. Volan A cloths were impregnated 
with this solution to make 12 ply to give laminate coating 42.21 wt% resins.  
[45] Villamosszigetelo es Muanyaggyar and Kalman Juhaz; Plastic insulating sheets of 
joined three-dimensional network structure. Hung. 152, (1965); C.A. 64, 12914 
(1966). 
[46] Bart J. B.; Flame retardant epoxy resins. U.S. 3,294,742 (1966); C.A. 66, 38487 
(1967). 
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The laminate was kept 8 min. at 163oC and cured 1 h at 325oF to give 
0.108 in. thick flexible, flame resistant laminated cloth having flexural strength 
at 300oF 12,800 psi at 75oC 85,500 psi, flexural strength after 2 h boiling in 
water 79,000 psi, age wise compression strength 52,000 psi, tensile strength 
51,300 psi, tensile modulus 1.2 x 106, volume resistivity 1.4 x 1014 ohm.cm, 
water absorptivity 0.217%. 
The cured resin had better strength and flexural properties, acid 
resistance comparable to non-epoxy resins. Similar resins could be prepared 
by one step reaction from epoxy-novolac resin and (I) or from (I) and 
epichlorohydrin in alkaline medium. The resin prepared from epoxy-novolac 
has higher heat distortion temperature than the comparable epoxy resins.     
Herman and Ernest [47] have developed epoxy resin adhesives for tile 
installation. The title compounds were prepared from an epoxy resin, an 
amine hardener and at the time of use a polar liquid. Thus, 1.5 parts 
diethylenetriamine (I) was mixed with 10 parts molecular Sieve 13x with 
particle size 200-300 mesh. The resulting mixture was mixed with 15 parts 
epichlorohydrin-bisphenol-A resin to give a stable paste, which was hardened 
within 24 h by the addition of 7 parts water. Triethylenetetramine or 
tetraethylenepentamine was also used instead of (I). Other resins used in 
adhesive composition were Epiphen ER-845, Epon-1001 and poly (amido 
amine) tall oil resin. MeCOEt, isoBuCOMe and BuOAc were also used as the 
active liquids. 
[47] Herman B. W., Ernest E. W.; Epoxy resin adhesives for tile installation. U.S. 
3,348,988 (1967); C.A. 67, 117691 (1967). 
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 Chertok et al [48] have reported glass-plastic based on epoxide-
novolac composition. They have also reported chemical stability of heat-cured 
composites. Mixture containing 40 and 60 % epoxy resin with 743 g   novolac  
were cured at 160oC for 2 h and then at 180oC for10 h. The 3 mm thick cured 
disks were tested for chemical resistance in various media at 20oC and 100oC, 
change in weight and hardness were measured to determine the chemical 
stability. Both compositions were stable for 30 days in concentrated HCl, 50% 
H2SO4, 10% HCl, 85% H3PO4, Swelling and bursting of samples occurred 
during heating in AcOH, MeOH, PhNH2, PhCl, pyridine, cyclohexanone and 
showed good chemical stability. Their tensile strength decreased from 4900-
5500 to 4400-5300 kg/cm2 after heating at 100oC for 60 days in 36% HCl.  
Balyakhman [49] has reported synthesis of bisphenol-A-formaldehyde 
epoxy resins. Thus, bisphenol-A (I) is condensed with HCHO in the presence 
of an alkali in the ratio 1:2:1 at room temperature. The reaction product was 
treated with 10 moles epichlorohydrin (II) /mole (I) and with 1 mole alkali /mole 
(I). To increase thermal resistance of the resin, bisphenol-A-HCHO copolymer 
was heated 3-4 h at 70-80oC prior to the treatment with II. 
Bart [50] has studied the epoxy resins from a bisphenol – diglycidyl ether 
[48] Chertok O. M., Tara N. F., Trizno M. S. and Nikolaev A. F.; Chemical-stability of heat 
cured epoxide-novolac composition and glass-plastic. Plast. Massy, 101, 50-1 (1966); 
C.A. 66, 56108 (1967). 
[49] Balyakhman E. M., Okhtinsk chemical combine, (E.M.Bal); Epoxy resins. U.S.S.R. 
195,099 (1967); C.A. 68, 69721 (1968). 
[50] Bart J. B.; Epoxy resins from a bisphenol diglycidyl ether, an epoxidized novolac, and 
a bisphenol. U.S. 3,367,990; C.A. 68, 69719 (1968).    
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and an epoxidized novolac of a bisphenol. Thus, an epoxy composition 
containing 10-35 parts bisphenol-A with a mixture containing 15-89 parts 
dihydroxy diglycidyl ether resin and 1-50 parts epoxidized novolac (I) in the 
presence of an aliphatic tertiary amine has increased reactivity without 
degradation of physical properties. 
 Thus, 420 parts bisphenol-A diglycidyl ether (II) and 293 parts tetra- 
bromo bisphenol-A (III) were heated to 104oC until (III) was in solution. The 
mixture was cooled to 70oC and 1.1 parts Et3N added, the mixture heated to 
100-120oC and an exotherm increased the temperature to 135-45oC. The 
temperature was raised to 165oC and kept for 2 h. Volatile maintained were 
removed in vacuum and resin was cooled.  
 Kawashima et al [51] have prepared refractory fibers and whisker 
reinforced composites using carbon and glass fibers with polyester, epoxy 
resin and phenolic resin matrices. Unsaturated polyesters, epoxy resins and 
phenolic resins were reinforced with carbon fibers and mechanical strength of 
the composites was compared with that of glass fiber reinforced plastics. 
Fiber content vs flexural strength and fiber content vs flexural modulus of 
elasticity were studied. The flexural strength and flexural modulus of elasticity 
of carbon fiber reinforced resins were lower than those of glass fiber 
reinforced resins. Tensile strength of carbon fiber was 1.47 kg /cm2 and that of 
the glass fiber 33.9 kg /cm2.  
[51] Kawashima, Chihiro, Ogasahara, Hitoshi, Abe, Hiroaki; Refractory fibers and whisker 
 reinforced composites, Mechanical properties of various system composed of 
 carbon fiber polyester, epoxy, and phenol resin matrices. J: Seikei Daigaku Kogakubu 
 Kogaku Hokoku (Japan) 8, 659-68 (1969); C. A. 73, 15654 (1970). 
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Kalnin [52] has studied mechanical properties of the glass fiber 
reinforced composite containing epoxy resin 32, carbon fiber 12.5, S-glass 
fiber 55.5. The composite had longitudinal tensile modulus 16.0 x 106 psi and 
compressive modulus 12.5 x 106 psi. 
Reinhart [53] has reported thermoplastic epoxy primers with softening 
point 180-200oC were used with conventional thermosetting resin-based 
paints on metallic or thermosetting resin surfaces of subsonic aircraft to give 
easily removable coatings. Thus, 20% solution of 95 g bisphenol-A epoxy 
resin and 5 g diethylenetriamine in Me2CO was sprayed on either an Al panel 
or a glass fiber reinforced thermosetting epoxy resin laminate to give a 5-mil 
coating. 
Jellinek et al [54] have prepared flame retardant epoxy resins 
polyadducts, which contain 2, 4-dibromophenol glycidyl ether and 2, 6- 
dibromophenol glycidyl ether mixture (I), prepared from Br2C6H3OH and 
epichlorohydrin at 118oC. Thus an 80:20 bisphenol-A diglycidyl ether-(I) 
mixture was hardened with 9% triethylenetetramine (II) for 48 h at 20oC and 3 
h at 100oC to give cross-linked bisphenol-A glycidyl ether-2,4-dibromophenol 
glycidyl ether and 2,6-dibromophenol glycidyl ether copolymer moldings, 
which were self-extinguishing and had flexural strength 1300 kg/cm2, 
impact strength 25 kg/cm2 and dimensional stability 90o.  
[52] Kalnin, Ilmur L.; Glass fiber reinforced composite article exhibiting enhanced 
longitudinal tensile and compressive moduli. U.S. 3,691,000 (1972); C. A. 77, 165732 
(1972). 
[53] Reinhart, Theodore J.; Thermoplastic release coating. U.S. 3,687,701 (1972). C.A. 
77,154034 (1972). 
[54] Jellinek Karl, Post Udo, Gerlach, Oellig Rudi; Flame-resistant epoxy resin 
polyadducts. Ger. 2,106,788 (1972); C.A. 77, 165494 (1972).  
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Vargiu et al [55] have reported characteristics of epoxy novolacs and 
their applications in varnish products. Varnish composition based on an 
epoxidized formaldehyde phenolic copolymer had shorter drying time and pot 
life, greater hardness, chemical and heat resistance in the dried film form than 
liquid epoxy resin based coatings. 
Donnelly [56] has prepared inorganic cement compositions containing 
epoxy resin having improved workability, cohesive properties and strength 
comprise 1-33 weight parts inorganic cement, 5-100% of which pozzolan and 
1-200 weight parts epoxy resin and an amine curing agent. Fiber glass can be 
added for reinforcement. The compositions are useful for preparation of 
building materials and coatings or reinforcing of buildings, highways, air strips, 
water conduits, frames, bridges, metal and wooden piling, metal and concrete 
pipes and tanks or vessels.  
Jongetjes [57] has prepared glass fiber-epoxy resin laminates from 
silaylated glass fiber fleeces containing 15% poly(vinyl)alcohol of 
saponification degree 99.5% as a binder were impregnated with a hardener 
containing epoxy resin solution in Me2CO ,dried and laminated 10 min at 
150oC/10 atm and for 2 h at 170oC/75 atm to give laminate of flexural strength 
3000kg/cm2 and useful for printed circuits. 
[55] Vargiu S., PItzalis M., Crespolini G., Parma G.; Characteristics of epoxy novolacs and 
their applications in varnish products. Pitture Vernici 49, 69-77 (1973); C.A. 79, 20377 
(1973). 
[56] Donnelly, James H.; Inorganic cement compositions containing epoxy resin and 
pozzolan. U.S.  3,798,191 (1974); C. A. 80, 148684 (1974).  
[57] Jongetjes, Hendrik; Glass fiber-epoxy resin laminates. Ger. 2,166,448 (1974); C. A. 
81, 137274, (1974). 
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Iwasa et al [58] have prepared laminates of glass fiber reinforced 
epoxy resins for coating. Nonwoven glass fabrics containing water-soluble 
binder were coated with formaldehyde-phenol copolymer or a similar copolymer 
to impart hydrophobicity, impregnated with epoxy resins and used to prepare 
laminates having good processibility.  
Thus, nonwoven glass fabrics containing a PVA binder and treated with 
epoxy silanes were coated with I prepared by heating 100 parts PhOH and 95 
parts 37% formalin in presence of catalyst for 3 h and diluting with MeOH 
dried, impregnated with an epoxy resin to 75% pick-up dried and laminated.  
Novikov et al [59] has studied mechanical properties of glass fiber 
reinforced epoxy and phenolic resins in the temperature range 4.2-293oK. The 
compression strength of the reinforced plastics increased on decreasing the 
temperature from 293 to 20oK, increasing the angle of fiber orientation with 
respect to the load direction decrease the strength at all temperatures. The 
reinforced plastics were little sensitive to concentration of stress at 4.2-293oK.  
. Shirokov et al [60] have reported dielectric properties of halogenated 
epoxy glass fabric laminates prepared by impregnation with epoxy resins from 
halogen containing bisphenols (I) (R1=R2=H, Cl, Br; R3= Me, CF3) had the 
best dielectric properties especially in presence of moisture. 
[58] Iwasa, Yoshinori, Yoshioka, Takeshi, Fujita, Tstsuro; Laminates of glass fiber 
reinforced epoxy resins. Japan 76, 07,504 (1976); C. A. 85, 144270 (1975). 
[59] Novikov N. M.Ilchev V. ya; Drozdov V.V.; Strength of glass fiber reinforced plastics at 
low temperatures. C. A. 85, 178274 (1976). 
[60] Shirokov S. V., Vasil’ev A. V.,Vasnev V. A.; Dielectric properties of glass fabric 
laminates based on halogen-containing epoxy resins. Plast. Massy, 8, 72 (Russ);  
 C. A. 89, 180690 (1978).  
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 Such laminates had dielectric loss tangent 27x103, dielectric constant 
3.52, volume electrical resistance 2.2x105 Ω/cm and surface electrical 
resistance1.2x105 Ω initially and 33, 4.16, 1.2x105 and 2.8x106, respectively 
after 96 h exposure to 95% humidity at 40oC. Such properties were attributed 
to the hydrophobicity of the F atoms, which causes the dielectric properties to 
be little influenced by moisture. 
 Behar et al [61] have reported flame retardant brominated bisphenol 
epoxy composition useful as fireproofing agents in plastics especially 
reinforced polyesters. 125 g solid epoxy resin (epoxide value 600-800) was 
mixed with 250 g polyester resin and 240 g styrene. 150 g of this solution was 
mixed with 6 g Sb2O3, 42.5 g glass fibres and a catalyst and hardened to 
prepare a self-extinguishing laminate with limiting O index 40 in burning tests. 
 Nicola [62] has studied laminated materials for the F thermal insulator 
class. The high temperature properties of the glass cloth-reinforced epoxy 
resin laminates were studied using crosslinking agents such as PhOH- HCHO 
resin, aromatic diamines or dianhydrides. The variation of flexural strength, 
weight loss and dielectric properties were determined after 500-300 h at 150-
250oC. Laminates cross-linked with aromatic dianhydrides showed the best 
properties on exposure to 250oC for < 3000 h. 
[61] Behar Meir, Peshes Ori, Liebersohn Aharon; Flame retardant brominated bisphenol 
epoxy composition. Ger. 2,900,965 (1979); C.A. 91, 124477 (1979). 
[62] Nicola, Grigore; Laminated materials for the F thermal insulation class. Mater. Plast. 
(Bucharest) 15, 120-5 (1978); C. A. 90, 39797 (1979). 
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 Beranova and Orit [63] have studied mechanical properties of glass 
reinforced epoxy laminates. Preliminary industrial tests were carried out to 
determine tensile strength (F), elasticity modulus (E) and impact strength (I) of   
glass cloth epoxy resin laminates obtained by either the hand lay up method 
or by compression at 0.49 MPa. Best results were obtained with EM 15 resin 
containing mono-Me, 3, 6- endomethylene-1,2,3,6-tetrahydro phthalate; 3,6-
endomethylene-1,2,3,6-tetrahydro phthalic anhydride hardener mixture, which 
gave laminates (70% glass fibres) with F 486 MPa, E 37300 MPa and I 20.2 
j/cm2. Heating this laminate at 140oC reduced its E to 91% of initial value. 
Soni et al [64] have studied carbon fibre-reinforced composites of 
conventional diglycidyl ether of bisphenol-A (DGEBA) and liquid diglycidyl 
ether of bisphenol-C (DGEBC) prepared using 4,4 -diaminodiphenylmethane 
(DDM) or 4,4 -diaminodiphenylsulfone (DDS) as a curing agent and evaluated 
their physical properties (density and void content) and mechanical properties 
(flexural strength and interlaminar shear strength). Thick films of the neat 
resins were also prepared and their flexural strength has been studied. It is 
observed that DGEBC- curing agent system showed improved properties as 
compared to DGEBA-curing agent system. 
[63] Beranova, Miluse and Orlt, Jan; Glass reinforced epoxy laminates. Plasty Kaue 16, 
273-5, (1979) (Czech.); C. A. 92, 59543 (1980). 
[64] Hitesh K. Soni, Ranjan G. Patel and Vithal S. Patel; Structural, physical and 
mechanical properties of carbon fibre-reinforced composites of diglycidyl ether of 
bisphenol-A and bisphenol-C. Angewandte Makromolekulare Chemie 211, 1-8 
(1993). 
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Cheng et al [65] have reported the interaction of water-sized E glass 
fibres, supplied with and without an aminopropylsilane coupling agent, with 
vinyl and epoxy resins. Interfacial shear strength measurements, made by 
means of the multifragmentation technique, have demonstrated that 
molecularly thin layers are effective adhesion promoters, as indicated by (a) 
the silane contamination on the nominally non-coupled fibres and (b) the 
aqueous extraction of the coupled fibres. 
  d'Almeida and Monteiro [66] have investigated the variation of the 
mechanical properties of a composite consisting of glass micro spheres in an 
epoxy resin, as a function of the processing of the matrix. The resin/hardener 
ratio was used as the processing parameter and composites were fabricated 
with stoichiometric and non-stoichiometric matrix formulations. The 
experimental results showed that the mechanical properties were significantly 
altered and that the hardener-rich formulation had the best deformation 
capacity. In order to model the experimental results obtained for the elastic 
modulus of the composites, an efficiency factor related to the adhesion 
characteristics of each resin-formulation/glass-microsphere pair was derived 
and applied to one of the existent theoretical models.  
[65] Cheng T.H., Jones F.R. and Wang D.; Effect of fibre conditioning on the interfacial 
shear strength of glass-fibre composites. Composites Science and Technology 48, 
89-96 (1993). 
[66] d'Almeida J.R.M., Monteiro S. N.; The resin/hardener ratio as a processing parameter 
for modifying the mechanical behavior of epoxy-matrix/glass microsphere 
composites. Composites Science and Technology 58, 1593-1598 (1998). 
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Siddaramaiah et al have [67] studied the effect of aggressive 
environments on composite properties. Glass-fiber-reinforced epoxy and 
unsaturated polyester (UPE) composites were fabricated from diglycidyl ether 
of bisphenol-A (DGEBA) using 10% diethyl triamine (DETA) as a hardener 
and unsaturated polyester (UPE) using 1.5% each of methyl ethyl ketone  
peroxide (MEKP) and cobalt naphthanate as a catalyst and an accelerator, 
respectively. The fabricated composites were exposed to different aggressive 
environments such as heat, water ageing, lubricating oil, fuel, and seawater. 
The exposed specimens were characterized by physical, chemical, 
mechanical, and thermal properties. A marginal increase (12%) in the 
mechanical properties in heat ageing, but a reduction in properties in other 
exposed systems of the epoxy and polyester glass-fiber-reinforced (GFRP) 
composites were observed and applied to one of the existent theoretical 
models.  
 Jan-Erik and Peter [68] have studied moisture uptake in cross-ply 
glass-fibre/epoxy laminates containing matrix cracks in transverse plies. 
Experimental results are compared to finite-element calculations and an 
approximate analytical model. The experimental results show that crack 
closure may occur early in the absorption process. This is confirmed by finite- 
element calculations, which indicate that even small amounts of absorbed 
[67] Siddaramaiah, Suresh S. V., Atul V. B., Srinivas D., Girish S. ; Effect of aggressive 
environments on composite properties. J.  Appl. Polym. Sci. 73, 795-799 (1999). 
[68] Jan-Erik Lundgren and Peter Gudmundson; Moisture absorption in glass-fibre/epoxy 
laminates with transverse matrix cracks. Composites Science and Technology 59, 
1983-1991 (1999). 
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moisture (average moisture concentration <10% of saturation level) may 
result in crack closure. As a result of crack closure, moisture penetration 
through the crack channels is prevented. The experimentally observed small 
differences in moisture uptake between cracked and uncracked laminates 
thus support the crack-closure hypothesis. Direct microscopic observations of 
crack closure versus time further more confirm the mechanism. A previously 
developed analytical model has been extended to include the case of crack-
closure effects.  
 Andrei et al [69] have reported the fiber packing and elastic properties 
of glass/epoxy composite. Image analysis was used to characterize the 
microstructure of a unidirectional glass/epoxy composite, which was found to 
be transversely randomly packed. Starting from a measured distribution of 
fiber diameter, a Monte Carlo procedure was employed to generate periodic 
computer models with unit cells comprising of random dispersion of a hundred 
non-overlapping parallel fibers of different diameter. The morphology 
generated in this way showed excellent agreement with that of the actual 
composite studied. An ultrasonic velocity method was used to measure a 
complete set of composite elastic constants and those of the epoxy matrix. On 
the basis of periodic three-dimensional meshes, the composite elastic constants 
of the Monte Carlo models were calculated numerically. Numerical and 
measured elastic constants were in good agreement. it was shown numerically 
that the randomness of the composite microstructure had a significant influence 
on the transverse composite elastic constants while the effect of fiber diameter 
distribution was small and unimportant. 
[69] Andrei A. Gusev, Peter J. Hine, Ian M. Ward; Fiber packing and elastic properties of a 
 transversely random unidirectional glass/epoxy composite. Composites Science and 
 Technology 60, 535-541 (2000). 
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Legrand and Bellenger [70] have developed an estimation tool for the 
cure optimization of carbon/epoxy prepreg to determine the variation in 
component temperature, the cross-linking ratio and the glass-transition 
temperature of the matrix during a cure cycle. The cross-linking ratio  is fitted 
by solving finite differences the relationship of Sourour and Kamal. The 
required parameters are identified with the experimental curve =f (cure time) 
for partially cured samples. The exponential equations between Tg and  was 
 established to determine the change in Tg with the cure time. To validate this 
estimation tool, a different cure temperature cycle was applied to the same 
prepreg and the experimental values of Tg and  of partially cured samples 
were satisfactorily compared to the calculated values. 
  Naik et al [71] have studied impact behavior and post impact 
compressive characteristics of glass–carbon/epoxy hybrid composites with 
alternate stacking sequences. Plain weave E-glass and twill weave T-300 
carbon have been used as reinforcing materials. For comparison, laminates 
containing only-carbon and only-glass reinforcements have also been studied. 
Experimental studies have been carried out on instrumented drop weight 
impact test apparatus. Post impact compressive strength has been obtained 
using NASA 1142 test fixture.  
[70] Legrand M. and Bellenger V.; Estimation of the cross-linking ratio and glass transition 
temperature during curing of amine-cross-linked epoxies. Composites Science and 
Technology 61, 1485-1489 (2001). 
[71] Naik N.K., Ramasimha R., Arya H., Prabhu S.V. and Rao N.S.; Impact response and 
damage tolerance characteristics of glass–carbon/epoxy hybrid composite plates. 
Composites Part B: Engineering  32, 565-574 (2001). 
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It is observed that hybrid composites are fewer notches sensitive as 
compared to only-carbon or only-glass composites. Further, carbon-
outside/glass-inside clustered hybrid configuration gave lower notch sensitivity 
as compared to the other hybrid configurations. 
Antonucci et al [72] have investigated the cure kinetics of an epoxy-
amine commercial thermoset system with the isothermal differential scanning 
calorimetry technique. In particular, a kinetic study has been performed in the 
glass-transition zone, in which diffusion phenomena compete with the chemical 
transformations and the overall reaction rate is partially slowed by the reduced 
segmental chain mobility. A generalized form of the Vogel equation has been 
formulated to account for the effect of the increasing glass-transition 
temperature on the chain mobility and, therefore, on the overall reaction rate. 
The kinetic model has been expressed with two factors representing the 
chemical reaction rate and the segmental mobility reduction. As the main 
result, the activation energy relative to the diffusion phenomena has been 
found to be very low, having a value of 42.5 K 0.356 kJ/mol, which is 
compatible only with the small-angle rotation of the reactive unit. 
Pauchard et al [73] have applied a stress-corrosion-cracking (S.C.C.) 
model to analyze the flexural fatigue behaviour of water-aged unidirectional  
[72] Antonucci V., Giordano M. and Nicolais L.; Effect of the segmental mobility restriction 
on the thermoset chemical kinetics. Polym. Scie. Part A: Polym. Chem. 40, 3757-
3770 (2002). 
[73] Pauchard V., Grosjean F., Campion-Boulharts H., Chateauminois A.; Application of a 
stress-corrosion-cracking model to an analysis of the durability of glass/epoxy 
composites in wet environments. Composites Science and Technology 62, 493-498 
(2002). 
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glass/epoxy composites. The approach has been restricted to the initial stages 
of the fatigue life, i.e. when the damage consists mainly in the accumulation 
of broken glass fibres at the microscopic level. The fatigue behaviour of the 
aged material has been investigated at different strain levels, frequencies and 
strain ratios. The results demonstrate that the stiffness loss exhibits some of 
the main characteristic features, which can be deduced from the delayed 
failure of a statistical population of glass fibres by a S.C.C. mechanism. This 
approach was supported by microscopic observations, which revealed that, 
within the investigated time range, the stiffness loss is proportional to the 
density of broken fibres in the vicinity of the loading point. 
 Baljinder et al [74] have developed novel glass fiber-reinforced 
composite materials containing a commercially available epoxy resin, a 
phosphate-based intumescent, and inherently flame-retardant cellulosic (Visil, 
Sateri) and phenol-formaldehyde (Kynol) fibers. The intumescent and flame-
retardant fiber components were added both as additives in pulverized form 
and fiber interdispersed with the intumescent as a fabric scrim for partial 
replacement of glass fiber. Thermal stability, char formation, and flammability 
properties of these novel structures were studied by thermal analysis, limiting 
oxygen index, and cone calorimetry. The results are discussed in terms of 
effect of individual additive component on thermal degradation/burning 
behavior of neat resin. 
 
[74] Baljinder K. K. , Richard Horrocks, Peter Myler , Dana Blair; New developments in 
flame retardancy of glass-reinforced epoxy composites.  J. Appli. Polym. Sci. 88, 
2511-2521 (2003). 
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 Carter et al [75] have developed a low temperature cure (LTC) resin 
system that can be cured at 85 °C initially then subsequently further cured at 
175 °C, for a short period. For such resins there is a requirement to achieve 
the same toughness properties as conventional thermoplastic toughened high 
temperature cured (HTC) material. The development of an LTC resin system 
has required a special catalyst systems and appropriate choice of a poly 
(ethersulphone) co-polymer, in terms of molecular structure, molecular weight 
and chain ends. Toughness development in thermoset–thermoplastic blends 
requires an appropriate development of phase morphology during cure. 
Morphology control has been achieved in LTC materials. Application of linear 
elastic fracture mechanics measurements of toughness in association with 
transmission electron microscopy and scanning electron microscopy of the 
fracture surface has demonstrated links between the toughness and the 
phase morphology and the chemistry. Small angle neutron `scattering has 
enabled the development of the phase morphology during the low 
temperature curing process to be monitored. 
 The presence of phase morphology in the resin means that the 
influence of phase or interface boundaries on the environmental stress 
cracking (ESC) properties might be a critical issue. This issue has been 
addressed and investigated for three environments, namely air, demineralised 
water and dichloromethane at 23 °C. The LTC material is shown to perform in 
a similar manner to a comparable conventional HTC resin system. 
[75] Carter J. T., Emmerson G. T., Lo Faro C., McGrail P. T. and Moore D. R.; The 
development of a low temperature cure modified epoxy resin system for aerospace 
composites. Composites Part A: Applied Science and Manufacturing 34, 83-91 
(2003). 
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 Carsten and Wulff [76] have studied the interphase between ultra thin 
films of polymers and metal substrates.  Spin coating films (20 nm - 2µm) are 
prepared from a two-part epoxy adhesive on Au, Al and Cu. After room 
temperature cure, the chemical structure of the epoxy films is studied by FTIR 
external reflection absorption spectroscopy (FTIR-ERAS) and the results are -
compared with the state in the polymer bulk as measured by attenuated total 
reflection (FTIR-ATR). Inevitably, this evaluation of the thin film spectra has to 
account for the optical situation, which is significantly different from bulk 
measurements. Spectra calculation provides the essential tool for a 
reasonable comparison between bulk and thin film spectra, thus allowing for a 
detailed quantitative analysis. Thickness and substrate effects on the 
interphase can   then   be   separated   from   the   optical   situation   of   the 
measurement. The results reveal very specific features caused by adhesive 
interactions and different cure behavior in the interphase on different metal 
surfaces. 
 
 
 
 
 
 
 
 
 
[76] Carsten Wehlack, Wulff Possart; Characterization of the epoxy-metal interphase: 
FTIR-ERAS and spectra calculation for ultra-thin films. Macromolecular Symposia 
205, 251-262 (2004). 
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This chapter of the thesis is subdivided into three sections: 
SESTION – 1: SYNTHESIS OF MONOMERS 
SECTION – 2: SYNTHESIS OF CURING AGENTS 
SECTION – 3: SYNTHESIS OF EPOXY RESINS BASED ON        
HALOGENATED BISPHENOL-C             
 All the chemicals and solvents used were of L.R. grade and were 
purified prior to their use. 
SECTION – 1: SYNTHESIS OF MONOMERS 
[A] Synthesis of 1, 1’-bis (3-R-4-hydroxy phenyl) cyclohexane (I)       
R
OH OH
R
 
(I) 
BC: R = -H 
MeBC: R = -CH3 
 1,1’-Bis(4-hydroxy phenyl) cyclohexane and 1,1’-bis(3-methyl-4-
hydroxy phenyl) cyclohexane of general structure (I), here after designated as  
BC and MeBC, were synthesized according to the reported methods [1-2].  
Thus, cyclohexanone (0.5 mol, 49 g) was treated with phenol and o-
cresol (1.0 mol, 94 g) in the presence of mixture of HCl:CH3COOH (2:1 v/v, 
100:50 ml) as a Friedel-Crafts catalyst at 55oC for 4 h. The pink coloured 
[1] Rao M. V., Rojivadia A. J., Parsania P. H. and Parekh H. H.; J. Ind. Chem. Soc., 4, 
458-9 (1987). 
[2] Garchar H. H., Shukla H. N. and Parsania P. H.; Indian Acad.,Sci. (Chem. Sci.), 103, 
149-153 (1991). 
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product was filtered, washed well with boiling water and treated with 2N 
NaOH solution. The resinous material was removed by filteration through 
cotton plug. The yellowish solution so obtained was acidified with dilute 
sulfuric acid, filtered, washed well with water and dried at 50oC. BC and MeBC 
were further recrystallized repeatedly from benzene and methanol-water 
systems. The process was repeated to get pure, white, shining crystals of 
~81% yield of BC and 77% yield of MeBC, m.p. of BC and MeBC was 186oC. 
2
OH
R
+
O
HCl:CH3COOH
(2:1 V/V) 
55oC, 4 h 
R
OH OH
R
                                                                                                       (I) 
Phenol or                cyclohexanone                                          BC: R = -H 
o-cresol                                                                                    MeBC: R = -CH3 
[B] Synthesis of 1, 1’-bis (R, R’-4-hydroxy phenyl) cyclohexane (II)  
R
OH OH
R
R'R'
 
         (II) 
BrBC: R=R’=Br 
ClBC: R=R’=Cl 
ClMeBC: R=Cl and R’=-CH3 
 BC was brominated by using bromine in glacial acetic acid at room 
temperature [3]. Thus, 27 g BC was dissolved in 80 ml glacial acetic acid and  
[3] Parsania P. H.; Asian J. Chem.2, 211 (1990). 
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40 ml bromine in 20 ml glacial acetic acid was added drop wise with stirring. 
The mixture was stirred mechanically for 2 h. The product was isolated from 
chilled water, filtered, washed well with distilled water and dried at 50oC.  
 BC and MeBC were chlorinated [4] by using thionyl chloride. Thus, 0.5 
mol (134 g) BC was suspended in 600 ml of carbon tetrachloride containing 4 
g sodium sulphide as a catalyst and 1.3 mol (95 ml) of thionyl chloride was 
added drop wise. The reaction mixture was refluxed for 4 h. After completion 
of the reaction, the excess of thionyl chloride and carbon tetrachloride were 
distilled off and the product was isolated from water, filtered, washed well with 
distilled water and dried at 50oC. 
 Halogenated bisphenols were repeatedly recrystallized from benzene 
and methanol-water systems prior to their use. The yield and m.p. of ClBC, 
ClMeBC and BrBC were respectively 70, 70, 85% and 180o, 181o, 131oC. 
SECTION – 2: SYNRTHESIS OF CURING AGENTS 
[A] Synthesis of bisphenol-C-formaldehyde resin 
 Bisphenol-C-formaldehyde resin here after designated as BCF (III), 
was synthesized according to following method. 
OH OH
CH2OH
CH2OHHO2HC
HO2HC
 
(III) 
BCF 
 
[4] Serebryanyi A. M., Bilik Z. M.  and Mironova N. M.; Metody Poluch. Khim. Reaktiv 
Prep. 20, p35-7 (1969); C.A. 76, 85493 (1972).  
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 In a 1 liter flask equipped with a condenser, BC (0.5 mol, 134 g) and 
37% formaldehyde solution (2.1 mol, 202 ml) were taken. Reaction mixture 
was heated at 50-55oC for 1 h. A 47% sodium hydroxide (100 ml) solution was 
added gradually to the reaction mixture and temperature was raised to 70oC 
during 15 min. Reaction mixture was cooled and neutralized by a dilute HCl 
and separated viscous resin was isolated, washed well with distilled water, 
methanol and dried at 50oC. BCF is soluble in acetone, 1, 4-dioxane, DMF 
and DMSO. Similarly methyl bisphenol-C-formaldehyde resin was prepared 
by using MeBC instead of BC. 
[B] Synthesis of 1, 1’-bis (4-amino phenyl) cyclohexane (IV) 
  1, 1’-Bis (4-amino phenyl) cyclohexane here after designated as DDC 
(IV), was synthesized according to following method.  
NH2 NH2
 
(IV) 
DDC 
  Thus, aniline hydrochloride (0.22 mol, 22.8 g) and 
cyclohexanone (0.1 mol, 9.8 g) were heated at 150oC for 11 h. The reaction 
mixture was cooled to 110oC and boiling water (50 ml) was added until deep 
red colour is obtained. The reaction mixture was further heated at 150oC for 1 
h and filtered; allow to cool to room temperature and poured into chilled water 
and neutralized with 10% NaOH solution, filtered, washed well with water and 
dried at 50oC. DDC was further recrystallized repeatedly from benzene-
hexane system. 
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SECTION – 3:  SYNTHESIS OF EPOXY RESINS BASED ON HALOGENATED  
   BISPHENOL-C (V) 
CH2 CH CH2
O
CH2 OCHCH2
O OH
O H HC 2O C OCH2
n
 
R R
R' R'
R R
R' R'
 
(V) 
ECB: R=R’=Cl EBB: R=R’=Br 
 
                                   ECM: R=CH3 and R’=Cl 
 
 Epoxy resins [5] of bisphenol-C derivatives were synthesized by 
condensing corresponding BC derivative (0.5mol) with epichlorohydrin 
(1.1mol) by using isopropanol (500 ml) as a solvent and sodium hydroxide 
(1.0 mol in 40 ml water) as a catalyst. The reaction mixture was stirred at 
reflux temperature for 4 h. Then excess of solvent was distilled off and the 
viscous resins were isolated from distilled water. The resins were extracted in 
chloroform and evaporated to dryness to obtain pure resins. The yield was 
~75-80%. The resins are soluble in common organic solvents like chloroform, 
1,2-dichloro ethane, isopropanol, 1,4-dioxane, tetrahydrofuran, DMF, DMSO, 
etc. 
 
 
 
 
 
[5] Sanariya M. R., Godhani D. R., Shipra Baluja and Parsania P. H.; J. Polym. Mater. 
15, 45 (1998). 
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This chapter of the thesis describes the determination of epoxy 
equivalent, curing of halogenated epoxy resins by using various curing agents 
and spectral characterization of cured resins. This chapter is further 
subdivided into three sections. 
SECTION – 1: DETERMINATION OF EPOXY EQUIVALENT OF THE 
RESINS 
SECTION – 2: CURING OF EPOXY RESINS 
SECTION – 3: IR SPECTRAL CHARACTERIAZTION OF CURED 
EPOXY RESINS 
 
SECTION – 1: DETERMINATION OF EPOXY EQUIVALENT OF THE 
RESINS 
  In this section the determination of epoxy equivalent of epoxy resins is 
discussed. 
INTRODUCTION 
 Epoxy equivalent is reported in terms of “epoxide equivalent” or “epoxy 
equivalent weight” and is defined as the weight of resin in gram, which 
contains one gram equivalent of epoxy. The term “epoxide group content” 
(EGC) is expressed as milli moles of epoxide group per one kg of resin.    
 Epoxide equivalent may be determined by infrared analysis. The 
characteristic absorption band for the epoxy group is from 877 cm-1 to 806 
cm-1 for terminal epoxy groups; from 847 cm-1 to 775 cm-1 for internal epoxy 
groups; and from 769 cm-1 to 752 cm-1 for triply substituted epoxy group [1].
 The epoxide equivalent may be determined from changes in intensity as 
[1] Joseph Bomstein; Infrared spectra of oxirane compounds, correlation with structure. 
 Anal. Chem. 30, (4), 544-546 (1958). 
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related to changes in molecular weight using the absorption band of the epoxy 
group at 912 cm-1or 862 cm-1 in comparison to aromatic bands at 1610 cm-1. 
          Greenlee [2] has described the method for epoxy equivalent. The 
epoxide content of the complex epoxide resins were determined by heating a 
1 g sample of the epoxide composition with an excess of pyridine containing 
pyridine hydrochloride at the boiling point for 20 min and back titrating the 
excess pyridine hydrochloride with 0.1 N sodium hydroxide by using 
phenolphthalein as an indicator and considering that 1 equivalent HCl is equal 
to 1 equivalent epoxide group. 
 Jungnickel et al [3] have reported some what better results than other 
hydrohalogenation methods with bisphenol-A epoxy resins and with water 
containing sample. They recommended the use of a stronger reagent (1 N 
pyridinium chloride in pyridine), larger sample sizes and a stronger hydroxide 
solution (0.5 N) for samples of relatively low molecular weight. They have 
developed a variation of the pyridinium chloride method in which pyridinium is 
replaced by chloroform. The precision and accuracy are somewhat better, due 
to the reduction of side reactions. The pyridinium chloride-chloroform method 
even permits the determination of epoxides sensitive acids, such as styrene 
and isobutylene oxides. However, the preparation of the reagent is cumbersome, 
need for the exact equivalence of hydrogen chloride and pyridine. 
 Burge and Geyer [4] have also described an extensive procedure for 
[2] Greenlee S. O.; (Devoe & Raynolds Co. New York); Phenol aldehyde and epoxide 
resin compositions. U.S. Pat. 2,521,911 (1950).  
[3] Jungnickel J. L., Peters E. D., Polgar A. and Weiss F. T.; “Organic Analysis (J. 
Mitchell Jr.,ed.)”, 1, 127, Interscience, New York, (1953) 
[4] Burge R. E., Geyer B. P., “Analytical Chemistry of Polymers” (G. M. Hline, ed.) Vol. 
XII/1, Interscience New York (1959). 
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the determination of epoxide equivalent. 
A weighed sample of an epoxide compound containing 2-4 
milliequivalents of epoxy group is placed into a 250 ml round bottomed flask, 
and 25 ml of 0.2 N pyridinium chloride in pyridine was added. The solution 
was swirled and, if necessary, heated gently until the sample was dissolved 
completely and reflux for 25 minutes, cooled and then added 50 ml of methyl 
alcohol and 15 drops of phenolphthalein indicator and titrated with 0.5 N 
methanolic NaOH till pink end point. The epoxide equivalent was calculated 
according to following relationship: 
 
sampleinoxygenoxiranegrams
gramsinweightSampleequivalentEpoxide ×= 16  
 
Where gram oxirane oxygen in sample = (ml NaOH for blank-ml NaOH 
for sample) x (Normality of NaOH) x (0.016). The number 0.016 is the 
miliequivalent weight of oxygen in grams. The epoxide equivalent of the resins 
under study was determined according to above mentioned method. The 
observed mean epoxide equivalent of ECB, ECM and EBB are reported in 
Table 3.1. The observed reactivity trend is ECM < ECB < EBB. 
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Table 3.1: Epoxy equivalent of the halogenated epoxy resins 
Resin Epoxy Equivalent 
ECB 362 
ECM 274 
EBB 394 
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SECTION – 2: CURING OF EPOXY RESINS 
 This section of the chapter describes the curing of epoxy resins. 
 Epoxy resin is defined as any compound containing one or more α- or 
1, 2-epoxy groups capable of being converted to a thermoset form or a three- 
dimensional network structure. The term “curing” is used to describe the 
process by which one or more kinds of reactants (i. e. an epoxide and a 
curing agent) are transformed from low molecular weight materials to highly 
cross-linked network. The network is composed of segments involving only 
the epoxide or both the epoxide and the cross-linking agent. 
In order to convert the resins into cross-linked structures, it is essential 
to add a curing agent. Most of the curing agents in common use are classified 
into three groups, namely tertiary amines, polyfunctional amines and acid 
anhydrides. Polysulphides and other types of curing agents are also used in 
specific compositions. 
1. Polyfunctional amines 
 Aliphatic and aromatic compounds having at least three active 
hydrogen atoms present in primary and/or secondary amine groups are widely 
applied as curing agents for epoxy resins. Different polyfunctional amine 
curing agents are diethylene triamine, triethylenetetramine, m-phenylene 
diamine, 4, 4’-diaminodiphenyl methane, 4, 4’-diaminodiphenyl sulphone, etc. 
 The reaction mechanism involved in the reaction between epoxy resin 
and a polyfunctional amine-curing agent shows that the reaction requires the 
presence of a proton donor, which may be present in the resin, or traces of 
water. The curing reaction is greatly accelerated by the presence of phenol,  
 57 Charact… 
isopropanol or water [5, 6].  
RNH2 + CH2
O
CH ----- 
RNH CH2 CH
H OHOH
 +
 
- 
H
RNH CH2
O
CH
 
RNH CH2 CH
OH----- 
 
 -H2O 
 The reaction between an epoxy and primary or secondary amine 
results in the formation of hydroxy group and a possible subsequent reaction 
is etherification by epoxy group. 
R3N: +
CH2
O
CH CH2 CHR3N
+ 
- 
O
CH2 CHR3N
O
+ 
- 
+ R'OH
CH2 CHR3N
+ 
OH
+ R'O- 
 However, the tertiary amine does not appear able to promote this 
reaction to any great extent. 
 As a class, the amines are usually being toxic and may cause severe 
irritation or an asthmatic response in sensitized persons, polyfunctional amines 
are often used as adducts in order to reduce toxicity. It also provides the 
advantage of reducing effect of weighing error as the unmodified amines are 
usually used in stoichiometric ratio, while modified adducts of amines is to 
increase the molecular weight of curing agent allows greater weighing error.  
[5] Shechter L., John W. and Raynold P.K., Glycidyl ether reactions with amines.J. Ind. 
Eng. Chem., 48, 94 (1956). 
[6] Horne W. H. and Shriner R. L., The reaction between diethyl amine and ethylene 
oxides. J. Amer. Chem. Soc., 54, 2925 (1932).  
 58 Charact… 
2. Tertiary amines 
Tertiary amines used as curing agents for epoxy resins are benzyl 
dimethyl amine, 2-(dimethyl amino methyl) phenol, 2,4,6-tris (dimethyl amino 
methyl) phenol, tri ethanolamine and N-n-butylimidazole. The reaction 
mechanism involved in curing of epoxy resin with tertiary amine R3N is given 
as below. 
(a) Formation of quaternary base 
R3N: +
CH2
O
CH CH2 CHR3N
+ 
- 
O
(b) Protonation of quaternary base with formation of an anion 
CH2 CHR3N
O
+ 
- 
+ R'OH
CH2 CHR3N
+ 
OH
+ R'O
- 
or 
CH2 CHR3N
O
+ 
- 
+
CH2 CHR3N
+ 
OH
+
- 
H2O OH
 Proton donor may either be the curing agent itself or water present as 
impurity. 
(c) Polymerization through epoxy groups initiated by above formed anion. 
+
CH2
O
CH CH2 CH
O
R'O
R'O
CH2
O
CH
CH2 CH
O
R'O
CH2 CH
O
- 
- 
- 
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3. Acid anhydrides 
  Cyclic acid anhydrides widely used as curing agents for epoxy resins 
are maleic anhydride, dodecenylsuccinic anhydride, hexahydro phthalic 
anhydride, phthalic anhydride, pyromellitic dianhydride, nadic methyl 
anhydride and chlorendic anhydride. 
 The various reactions taking place during the curing is illustrated by 
using phthalic anhydride as below: 
1) Reactions of the anhydride group 
C
O
O
O
C
+ COOH
COOH
(a)
(b) C
O
O
O
C
+
CH2 CH
OH
CH2
COOH
CO O
CH2 CH CH2
 
H2O 
2) Reactions of the epoxy group 
COOH
CO O
CH2 CH CH2
+
CH2
O
CH
CO O
CH2 CH CH2
CO O
CH CH2 OH(a)
(b)
CH2 CH
OH
CH2
+
CH2
O
CH CH2 CH CH2
O CH2 CH
OH
  
Above reaction between hydroxy groups and epoxy groups is very low 
but it is catalyzed by proton donors [7]. 
[7] Shechter L., Wynstra; Glycidyl ether reactions with alcohols, phenols, carboxylic 
acids and acid anhydrides. J., Ind. Eng. Chem., 48, 86 (1956). 
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In the presence of carboxy group functions as a catalyst possibly 
through a carbonium ion intermediate.   
CH2
O
CH
H
+
+
CH2
O
CH
H
 
+
CH2
O
CH
H
 
CH2 CH
OH
CH2
CH2 CH CH2
O CH2 CH
OH
+ H+
 
 Three types of hardeners are used for cross linking of epoxy resin-tar 
combination: (1) Cold hardeners, where the hardening occurs at room 
temperature up to final hardening. (2)  Warm hardeners, where for final 
hardening further temperature at ~100oC is required. (3) Hot hardeners, 
where hardening occurs only above 100oC. Mostly cold hardeners are used 
for epoxy-tar combinations, which include polyamides, polyamines, 
cycloaliphatic amines or their mixtures. The resistance to water and chemicals 
can be varied by use of short- or long chain amines [8].  
Epoxy resins containing sealing compositions for pipelines joints and 
building materials involve curing of epoxy resins by ethylene diamine at room 
temperature [9]. 
Curing of epoxide adhesive compositions such as ED-6 and maleic  
 [8] Klemens Fiebach; Epoxy- resin tar combination, a new means for structure 
protection. Belg. 579,527; Fr. 1,202,394; Brit. 883,522; U. S. 2,906,720 (1965); C. A. 
62, 14929, (1965). 
[9] Chemie Produkte; Epoxy resins-containing sealing compositions.Ger.1,020,140 
(1957); C. A. 54, 17970 (1957). 
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anhydride was studied and it was found that the composition containing 
epoxide adhesive with 40% PhOH-HCHO resin cured at 150-160oC for 6 h in 
presence of diethylaniline as a catalyst to give an adhesive of breaking 
strength 600 kg/sq. cm. [10].  
Polyfunctional amines are used in combination with sand and coal tar 
pitch to produce corrosion preventing epoxy resin coating. Thus, epoxy resins 
were cured by using curing material containing 87% sand, 15% diethylene 
triamine and 12% coal-tar pitch [11]. 
The cured polyepoxides compounds were obtained having excellent 
impact strength and flexibility and suitable as protective coatings, by using 
curing material composed of liquid glycol diamines H2N (CH2)3O(CH2CH2O)2 
(CH2)3NH2 29.4 g for 5 min was mixed with 100 g of diglycidyl ether of 
bisphenol A [12]. 
Powdered mixtures of epoxy resins and pyromellitic dianhydride were 
applied to various preheated metals at 240oC by the fluidized bed technique to 
give highly cross-linked coatings. The mixture containing 0.8-1.0 anhydride 
groups per epoxy group is stable indefinitely at normal ambient temperature [13]. 
[10] Trostyanskaya E.B. and Venkova E.S.; Curing of epoxide adhesive 
 compositions and compounds; Plasticheskie Massy 8, 16-18, (1961); C. A. 56, 
 4980 (1962). 
[11] Henri Wache; Corrosion preventing epoxy resin coatings. Fr. 1,293,072 (1962); C. A. 
58, 3611 (1963). 
[12] Union Carbide Corp; Liquid glycol diamine curing agents for polyepoxides. Brit. 
904,403 (1962); C. A. 58, 11643 (1963). 
[13] E. I. du pont de Nemours and Co.; Epoxy resin coating composition. Brit. 904,397 
(1962); C. A. 58, 8142 (1963). 
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Adhesive based on epoxy phenol formaldehyde resins was found to 
possess good adhesive property and heat resistance but when cross-linked 
with amine type curing agent, the heat of reaction was lowered. Therefore a 
room temperature curing adhesive can be prepared and rigidity of such resin 
could be regulated by introducing linear polymers into monomer liquid [14]. 
   Epoxy resin composition useful for laying tile was prepared, which can 
be hardenable by moisture. Resin was the diglycidyl ether of bisphenol-A 
epoxy and preferred curing agent was diethylenetriamine impregnated in 
zeolite and other required additives were incorporated. Resulting mixture was 
found to be hardened in 24 h after addition of water. Thus, a mixture was 
prepared from epoxy resin and 20% diethylenetriamine impregnated in 
zeolite, dry ground CaCO3 16%, TiO2 dispersion 28.9% and 3% water 
hardened in 24 h [15].   
An epoxy resin, condensation product of epichlorohydrin and 
polyhydric alcohol, which was liquid at room temperature could be cured at 
room temperature was incorporated into a mixture of a hydraulic cement and 
a curing agent. Curing agent was a polyfunctional primary amine, secondary 
amine or phenol or a polysulphide polymer or a combination of a polysulphide 
polymer and a polyfunctional phenol [16]. 
[14] Chih-Lu-Wang, Tao-I-Ch’en, Kuo-Ts’ai Ch’en, Su-yuan Wang, Li-shun p’c; Epoxy 
phenol formaldehyde type adhesives. Hua Hsueh Tung Pao, 10, 41-3, (1962)C. A. 
58, 9287 (1963). 
[15] Ralph S. Becker; Epoxy resin mixture harendable by moisture or heat. U.S. 3,242,116 
(1965); C. A. 64, 17824 (1966). 
[16] Reinert G.; Hydraulic cement-epoxy resin composition. U. S. 3,310,511 (1967); C. A. 
67, 25153 (1967). 
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Epoxy resins were hardened more quickly without any loss in 
mechanical properties by addition of trithioformaldehyde (I), which is nearly 
odorless. Epoxy resin prepared from condensation of epichlorohydrin and 
bisphenol-A with molecular weight of 520 and epoxide no. of 345 was heated 
to 150oC and mixed with powdered (I) and mixtures were completely stable at 
room temperature, only >230oC hardening takes place. The samples were 
treated with 30% phthalic anhydride and hardened at 150oC in a Brabender 
Plastic order. The hardening curves of the control and of the test samples 
were recorded. Other additives used were dicyandiamide and dipropylene 
triamine. The addition of (I) greatly reduced the hardening time [17]. 
 Epoxy resin from bisphenol-A, tetrabromo bisphenol-A and 
epichlorohydrin incorporated with epoxidized novolac was cured by using an 
aliphatic tertiary amine has increased reactivity without loosing physical 
properties. The rate at which resin cross-linked reduces the % resin lost 
during the high pressure in preparation of glass laminate. Thus, the resin 
solution was impregnated the glass fabric had the composition epoxy resin 
100, dicyanamide 4, PhCH2NMe2 0.2, HCONMe2 20, ethylene glycol Me ether 
10 and Me2CO 38-40 parts. The resin lost during lamination was 23-7%, 
which increases with increased amount of epoxidized novolac resin in above 
composition [18]. 
 Thermoplastic release coating was reported with softening temperature 
180-200oF. They are useful with conventional thermosetting resin based 
[17] Herman Schade, Peter Heitmann; Epoxy resin hardening accelerators. Ger. (east) 
56,635 (1967); C. A. 67, 100687 (1967). 
[18] Bart J. Bremmer; Epoxy resins from a bisphenol diglycidyl ether an epoxidized 
novolac and a bisphenol. U.S. 3,367,990 (1968); C. A. 68, 69719 (1968).  
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paints on metallic or thermosetting resin surfaces of subsonic aircraft to give 
easily removable coatings. Thus, 20% weight solution of 90 g bisphenol-A 
epoxy resin and 5 g diethylene triamine in Me2CO was sprayed on either an Al 
panel or a glass fiber reinforced thermosetting epoxy resin laminate to give a 
5 mil coating. The coatings were easily removed with a paint scraper after 
heating with a hot air gun to soften and buckle the undercoat [19].  
 Blocked phenol-polyamine-aldehyde reaction products are useful as 
crosslinking agents for epoxy resins active at low temperature (10-5oC). Thus, 
1 mole phenol and 3 moles ethylene diamines stirred at 40oC for 1 h and at 
80oC for 1 h, to give 309 g of 2, 4, 6-tris [(2-amino ethyl) amino methyl] phenol 
(I). Heating 200 g (I) and 50 g nonyl phenol for 1 h at 66oC gives the blocked 
curing agent, which was used for curing of epoxy resin [20].  
OH
CH2NHCH2CH2NH2
CH2NHCH2CH2NH2H2NCH2CHNH2C
 
(I) 
  A diglycidyl ether of bisphenol-A-type difunctional epoxy resin was cured 
with different amine-type curing agents at stoichiometric ratios. The crosslink 
process was followed by viscometry and differential scanning calorimetry. 
[19] Reinhart, Theodore J.; Thermoplastic release coating. U.S. 3,687,701 (1972); C. A. 
77, 154034 (1972). 
[20] Shih, Pong su; Solid epoxy resin from glycidyl ether of hydrogenated bisphenols or 
hydrogenated novolac and aromatic or cycloaliphatic dicarboxylic acid. U. S. 
3,836,485 (1974); C.A. 82, 5450 (1975). 
 65 Charact… 
 The gelation time and the apparent activation energy were found to be 
strongly dependent on the structure of the hardener. The heat of reaction did 
not vary significantly when the hardener was changed. An interpretation 
based on structural aspects such as amine reactivity, steric hindrance, and 
chain rigidity is proposed for the variations corresponding to the curing 
process. Master viscosity curves have been built up for all mixtures. The 
effect of the hardener on the glass transition temperatures of the different 
mixtures has been analyzed taking into account the crosslink density, 
measured by the rubber modulus obtained by dynamic mechanical studies, 
and the chemical structure of the hardener chains [21]. 
 The bulk phase kinetics of an epoxy (DGEBA) /amine (DDS) thermoset 
have been studied by using DSC, FTIR, and 13C-NMR. In the absence of 
catalyst, the reaction was found to involve a main exothermic reaction 
between epoxide and amine hydrogen and a side reaction between tertiary 
amine formed in the main reaction and epoxide. The etherification did not 
occur to any significant extent and the main reaction was exothermic. While 
the side reaction had no discernable since only the main reaction is 
exothermic; DSC was very useful for studying the main reaction kinetics. FTIR 
was used for determining whether epoxide and amine hydrogen were 
consumed at different rates as a way of following the side reaction. An IR 
band previously unused by other investigators was used to monitor the amine 
hydrogen concentration. NMR confirmed the above mechanism by identifying 
[21] De Nograro F.F., Guerrero P.,  Corcuera M.A., Mondragon I. ; Effects of chemical 
structure of hardener on curing evolution and on the dynamic mechanical behavior of 
epoxy resins. Journal of Applied Polymer Science 56, 177-192 (1995). 
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the formation of a quaternary ammonium ion/alkoxide ion pair as a reaction 
product of tertiary amine and epoxide. This mechanism has been successfully 
fit to a rate law valid over the entire extent of reaction. The rate constant for 
the epoxy/amine addition reaction was found to depend on hydroxide 
concentration (extent), reaction temperature, and glass transition temperature 
and included contributions from uncatalyzed and autocatalyzed parts. The 
side reaction (quaternary ammonium ion formation) formed weak bonds, 
which did not affect the overall system Tg. Both reactions were second order. 
The rate constants for the main reaction first increase with increasing extent 
due to autocatalysis by hydroxide and decreasing due to the diffusion limit 
caused by gelation and vitrification [22]. 
CURING OF HALOGENATED EPOXY RESINS 
 Halogenated epoxy resins (ECB, ECM and EBB) were cured by using 
different curing agents such as bisphenol-C-formaldehyde resin (BCF), 
pyromellitic dianhydride (PMDA), tetrachloro phthalic anhydride (TCP), 4,4’-
diamino diphenyl methane (DDM) and 4.4’-diamino diphenyl cyclohexane 
(DDC) in different proportion like 10, 20, 30, 40 and 50% of the weight of the 
corresponding resin. Thus, 1g ECB/ECM/EBB and required amount of the 
curing agent in a 6”x1” corning test tube were dissolved and heated slowly to 
evaporate acetone. Then the mixture was further heated at a specified 
temperature. The curing time and temperature for each resin and curing agent 
system are reported in Table 3.2. Resins did not solidify with DDM and DDC 
systems at1500C even up to 360 min. Upon cooling the mixtures solidified. 
[22] Mark C. Finzel, John Delong, Martin C. Hawley; Effect of stoichiometry and diffusion 
on an epoxy/amine reaction mechanism. J. Polym. Sci. Part A: Polym. Chemi. 33, 
673-689 (1995). 
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Table 3.2 Curing time, temperature and hardener concentration data 
       of halogenated resins 
Curing time, min.   Curing 
Temp.,oC 
Curing 
Agent 
Resin 
10% 20% 30% 40% 50% 
ECB 390 360 300 270 210 
ECM 270 195 150 105 90 
 
    150 
 
 
     BCF 
EBB 630 580 510 435 330 
ECB 340 300 190 160 120 
ECM 300 255 225 180 135 
 
    230 
 
     TCP 
EBB 110 90 80 75 40 
ECB 180 165 150 135 120 
ECM 180 150 120 90 70 
 
    230 
   
   PMDA 
EBB 210 190 150 120 90 
ECB 
ECM 
 
    150 
 
    DDC 
EBB 
 
>360 
 
>360 
 
>360 
 
>360 
 
>360 
ECB 
ECM 
 
    150 
 
   DDM 
EBB 
 
>360 
 
>360 
 
>360 
 
>360 
 
>360 
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It is clear from Table 3.2 that the curing time decreases with increasing 
amount of BCF, TCP and PMDA, which might be due to more number of 
curing sites and that is attributed for fast curing. Amongst halogenated resins 
the trend in curing time is ECM<ECB<EBB. PMDA and TCP are effective 
curing agents but curing temperature is high (2300C).  The solubility of the 
cured resins was checked in common solvents. It was observed that BCF, 
PMDA and TCP cured resins were found insoluble in common solvents such 
as acetone, methanol, chloroform, DMF and DMSO, while DDC and DDM 
cured resins were soluble in acetone, DMF and DMSO. Insolubility of the 
cured resins confirmed the formation of network structure. 
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Curing Mechanisms 
BCF-epoxy resin system 
CH2OH
+ O
OH OH
CH2 O CH2 CH
OH
CH2OH
OH
+
CH
OH
CH
O CH2
OH
  
PMDA-epoxy resin system 
CO
COCO
CO
O
OO
O CH2 CH CH2
CH2 CH
O
CH2
H
CH2
CH2
CH
CH
OH
CH2
CH2
CH2CH2
 
TCP-epoxy resin system 
Cl
Cl
Cl
Cl
CO
O CH2CH
CO O CH2 CH
OH
CH2
 
DDC/DDM-epoxy resin system 
R N
CH2 CH
O
CH2
CH2 CH
O
CH2
H
H
N
CH2
CH2
CH
OH
CH
OH
CH2
CH2
 
where 
CH2 andR =  
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SECTION – 3: IR SPECTRAL ANALYSIS OF CURED EPOXY RESISNS 
 This section of the thesis includes IR spectral data of cured epoxy 
resins (ECB, ECM and EBB). 
 Information about the structure of a molecule could frequently be 
obtained from its absorption spectrum. The atomic and electronic 
configuration of a molecule is responsible for the position of absorption bands. 
The most structural information of organic molecules could be obtained from 
their IR spectra. The masses of the atoms and the forces holding them 
together are of such magnitude that usual vibrations of the organic molecules 
interact with electromagnetic radiations so as to absorb and radiate in the IR 
region. During the absorption, it is necessary for the molecule to under go a 
change in dipole moment. IR spectroscopy is an excellent method for the 
qualitative analysis because except for optical isomers, the spectrum of a 
compound is unique. It is most useful for the identification, purity and gross 
structure at detail. This technique is often faster than any other analytical 
method. 
 The IR spectra (KBr pellets) of cured epoxy resins were scanned on a 
Shimadzu FTIR 8400 spectrometer over the frequency range from 4000 – 400 
cm-1. The IR spectra of cured resins are shown in Figs. 3.1 to 3.15. 
 The characteristic absorption bands (cm-1) for each system besides the 
normal modes of alkane, alicylic and aromatic groups is reported in Table – 
3.3. The IR spectra of cured resins showed either new absorption bands or 
overlapping with originally present due to neat resins. In some cases shift in 
absorption bands and sharpening of bands are observed with hardener 
concentration.  The brief remark of each type is also included in Table – 3.3. 
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Fig. 3.1 : I.R. (KBr) spectra of ECBF-10 and ECBF-50 resins. 
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Fig. 3.2 : I.R. (KBr) spectra of ECBT-10 and ECBT-50 resins.
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Fig. 3.3 : I.R. (KBr) spectra of ECBP-10 and ECBP-50 resins. 
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Fig. 3.4 : I.R. (KBr) spectra of ECBM-20 and ECBM-50 resins. 
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Fig. 3.5 : I.R. (KBr) spectra of ECBC-20 and ECBC-50 resins. 
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Fig. 3.6 : I.R. (KBr) spectra of ECMF-20 and ECMF-30 resins. 
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Fig. 3.7 : I.R. (KBr) spectra of ECMF-40 and ECMT-20 resins. 
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Fig. 3.8 : I.R. (KBr) spectra of ECMT-50 and ECMP-10 resins. 
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Fig. 3.9 : I.R. (KBr) spectra of ECMP-20 and ECMM-20 resins. 
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Fig. 3.10 : I.R. (KBr) spectra of ECMM-50 and ECMC-50 resins. 
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Fig. 3.11 : I.R. (KBr) spectra of EBBF-10 and EBBF-30 resins. 
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Fig. 3.12 : I.R. (KBr) spectra of EBBT-10 and EBBT-40 resins. 
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Fig. 3.13 : I.R. (KBr) spectra of EBBP-10 and EBBP-50 resins. 
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Fig. 3.14 : I.R. (KBr) spectra of EBBM-10 and EBBM-50 resins. 
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Fig. 3.15 : I.R. (KBr) spectra of EBBC-10 and EBBC-50 resins. 
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     Table 3.3 The characteristic IR absorption frequencies of cured   
halogenated resins 
Resin 
System 
Absorption 
freq., cm1 
Type Description 
ECB-PMDA 
 
3566 – 3422 
1769 – 1738 
O-H str. 
C=O str. 
ECM-PMDA 
3521 – 3422 
1732 – 1730 
O-H  str 
C=O str 
EBB-PMDA 
3491 – 3422 
1734 – 1730 
O-H str 
C=O str 
The absorption due to –OH group 
decreased and sharpened with 
hardener concentration. 
The absorption due to C=O group 
increased and sharpened with 
hardener concentration. 
ECB-TCP 
3462-3423 
1744-1738 
O-H str 
C=O str 
ECM-TCP 
3441-3422 
1742-1736 
O-H str 
C=O str 
EBB-TCP 
3422-3402 
1742-1738 
O-H str 
C=O str 
The absorption due to –OH group 
decreased and sharpened with 
hardener concentration. 
The absorption due to C=O group 
increased and sharpened with 
hardener concentration. 
ECB-BCF 3423-3418 O-H str 
ECM-BCF 3422-3420 O-H str 
EBB-BCF 3422-3406 O-H str 
The absorption due to –OH group 
increased with hardener concentration 
ECB-DDC 3423-3395 
O-H and 
N-H str 
ECM-DDC 3668-3375 
O-H and 
N-H str 
EBB-DDC 3395-3379 
O-H and 
N-H str 
The absorption due to –OH and –NH 
groups overlapped and increased with 
hardener concentration. 
ECB-DDM 3395-3331 
O-H and 
N-H str 
ECM-DDM 3393-3369 
O-H and 
N-H str 
EBB-DDM 3396-3394 
O-H and 
N-H str 
The absorption due to –OH and –NH 
groups overlapped and increased with 
hardener concentration. 
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 This chapter of the thesis describes the thermal analysis of cured 
epoxy resins. 
INTRODUCTION 
 Considering the range of attainable properties, the versatility of epoxy 
resin becomes even more apparent. Depending on the chemical structure of 
the curing agent and the curing conditions, it is possible to obtain toughness, 
chemical resistance, mechanical properties ranging from extreme flexibility to 
high strength and high electrical insulation [1-5]. Uncured resins have a 
variety of physical forms, ranging from low viscosity liquids to tack free solids 
that along with the curing agents afford the fabricator a wide range of 
processing conditions. As a result of this versatility these products have found 
use in protective coatings, adhesive for most substrates, body solders and 
caulking compounds, flooring, tooling compounds for molds, stamping dies 
and patterns, foams, potting and encapsulation compounds, low pressure 
molding resins and glass reinforced plastics. Resins can be modified by 
reacting the functional groups [6] with suitable compounds. 
  Increased emphasis on occupational safety and consumer protection has 
generated significant interest in analytical methods to evaluate safe processing, 
[1] Potter W.G.; “Epoxide  Resins” Springer, New York, 1970. 
[2] May C.A. and Tanaka G.Y., “Epoxy Resin Chemistry and Technology”, Marcel 
Dekker, New York, 1973. 
[3] Bour R.S., “Epoxy Resin Chemistry”, Advances in Chemistry Series, 114, American 
Chemical Society, Washington, DC, 1979. 
[4] Lee H. and Neville K., “Hand book of Epoxy Resins”, McGraw Hill, New York, 1967. 
[5] Mark H.F. and Gaylord N.G., Ed., Encyclopedia of Polymer Science and Technology 
Vol. 10, Interscience Publishers, New York, p. 1-72. 
[6]  Ajinkya D,N., J. Polym. Mater., 8, 39-44(1991). 
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storage, shipping and safety conditions for a wide variety of materials. 
Thermal techniques particularly differential scanning calorimetry (DSC) and 
thermo gravimetry (TGA) have proven useful for evaluating kinetic parameters 
of various reactions and materials [7-9]. These kinetic parameters provide 
usefulness of the potentially unstable nature of materials. 
 Studies on thermal behavior of polymers are of paramount 
importance from both scientific and practical point of views [10]. Scientific 
studies help to reveal the molecular structure such as the sequence and 
arrangement of repeating units and side groups in the polymers as well as the 
nature of the chain ends and of the cross links between chains. The kinetic of 
degradation is very useful in determining the strength of various bonds in 
polymer structure [11]. Physico-chemical properties of cured resins are 
dependent upon the extent of curing.  
The thermal studies throw light on molecular architecture of polymers 
such as degree of polymerization, orientation, crystal perfection, percentage 
crystallinity, the extent of chain branching, strength of various bonds holding 
together polymer molecules, on the kinetic of depolymerization, on the effects 
of time, temperature, pressure, etc., and on the rates and products of 
degradation.  
On practical side, thermal analysis of polymers not only explains the 
behavior of polymers under conditions of high temperatures but also helps in 
[7] Borchardt H.J. and Daniels F.J., J.Am. Chem. Soc., 79, 41 (1957). 
[8] Ozawa T., J. Therm. Anal., 2, 301 (1970). 
[9] Kissinger H.E.; J. Research Natl. Bur. Standards, 57, 217 (1956); C.A. 51, 3258 
(1957). 
[10] Bain J.W., and Kay G.F., Trans. Roy. Soc. Can., 18, 269 (1924); C.A. 19, 893 (1925). 
[11] Anderson H.C., J. Appl. Polym. Sci., 6, 484 (1962). 
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selecting the right kind of material for the specific uses where high 
temperatures are encountered. It also suggests the design and synthesis of 
new materials for specific requirements in polymer technology such as high 
temperature resistant synthetic and natural fibers, transportation industries, 
electrical and electronic instruments, appliances, etc. 
 For a given application, it is likely that one or a few physical and/or 
chemical properties are the most important. A few that often encountered are 
structural integrity, tensile strength, viscosity, weight loss and susceptibility to 
oxidation. Thermal stability of high polymers is of prime importance in the 
fabrication processes and in their uses at high temperatures. Thermal 
behavior of polymers provides much useful informations about their specific 
uses. Still [12] has reviewed the problems associated with the application of 
thermal methods to polymers. 
EFFECT OF VARIOUS OPERATING PARAMETERS: 
1. Atmosphere 
 The atmosphere associated with any thermal analysis, which 
composed of gases that are introduced from outside and those are evolved 
from the samples. 
 The presence or absence of such gases may have a strong 
influence on the results. These gases may react with the sample or with 
each other, and change the reaction mechanism or product composition. 
Inert atmosphere and vacuum will influence the decomposition processes 
as well. In vacuum, primary decomposition of gases will tend to be pumped 
away from the sample before the molecules collide with the surface and 
undergo secondary reactions. They may undergo homogeneous reactions 
or may be reflected back to the sample surface and react there. 
[12] Still R.H., Briti. Polym. J., 11, 101 (1979). 
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2. Container geometry 
 The container geometry influences the gaseous environment and heat 
transfer to the samples. Even with a flowing gaseous atmosphere, a deep 
narrow container will limit the contact between the sample surface and gas, 
whereas a shallow, broad container will promote the contact. 
3. Container material 
 It is reasonable to expect that in some cases the container material will 
react with material being tested or some of the products. 
4. Sample size 
 Two major effects are associated with the sample size, namely surface 
and bulk effects. In carrying out polymer degradation studies, it is customary 
to reduce film thickness or partial size until the rate of the decomposition 
becomes independent of size. 
5. Rate of heating 
 In the case where only kinetic considerations are significant, an 
increase in the rate of heating will cause the process to be displayed to a 
higher temperature because the sample will be at the lower temperatures for 
a shorter length of time. The rate of change of the measured parameters will 
also be greater for faster heating. 
Differential scanning calorimetry (DSC) and Differential thermal analysis (DTA) 
Physical transformations [13] such as glass transition, cold crystallization, 
crystallization from melts, crystalline disorientation, and melting can be studied by 
DSC and DTA. Glass transition involves the motion of short chain segments in 
the amorphous region and is related to the brittleness of a polymer.   
[13] Heisenberg E., Cellulose Chemie, 12, 159, (1931); C.A. 25, 29823 (1931) 
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Crystallization from the melt is of great practical importance. A number 
of properties of polymer like melting range, heat of fusion and melting point 
depression, degree of crystallinity; random copolymer structure and stereo 
regularity and identification of composition of a mixture may be studied 
through melting. 
 DSC is a method whereby the energy necessary to establish a zero 
temperature difference between a substance and a reference material is 
recorded as a function of temperature or time. When an endothermic 
transition occurs, the energy input to the sample in order to maintain a zero 
temperature difference. Because of this energy input is precisely equivalent in 
magnitude to the energy absorbed during the transition in direct calorimetric 
measurement. The combination of programmed and isothermal techniques 
has been used for characterizing unresolved multi step reactions in polymers 
[14]. 
DSC has proved to be a valuable technique for investigating 
parameters of the curing reactions of thermosetting polymers. This 
technique is applied to evaluate curing characteristics like the degree of 
cure, temperature and duration of the curing reaction, and the magnitude 
and variability of the heat of reaction as a function of time and temperature 
of thermosetting materials such as phenolics [15,17], diallyl phthalate [18],  
[14] Duswalt A.A., Thermochemica Acta, 8, 57 (1974). 
[15] Siegmann A. and Narkis M., J. Appl. Polym. Sci., 27, 2311 (1977). 
[16] Ray R. and Westwood A.R., Eur. Polym. J., 11B, 25, (1975). 
[17] Ezrin M. and Claver G.C., Appl. Polym. Symp., 8, 159, (1969). 
[18] Willard P.E., Polym. Eng. Sci. 12, 120 (1972). 
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unsaturated polyester [19,20] and various epoxy resins [21-25]. 
Horie et al. [21] studied the isothermal DSC curing reaction of phenyl 
glycidyl ether with butyl amine and reported heat of reaction equal to 24.5 ± 
0.6 Kcal / mole. 
 Fava [22] has studied epoxy resins isothermally by DSC and reported 
activation energy of 17.8 Kcal / mole. 
 Acitelli et al. [24] and Prime et al [25] have reported the kinetics of the 
diglycidyl ether of bisphenol – A (DGEBA) and polyamide by DSC and I.R. 
techniques. 
DSC provides useful information about crystallinity, stability of the 
crystallite, glass transition temperature, cross-linking, kinetic parameters such 
as the activation energy, the kinetic order and heat of polymerization. 
 DTA is more versatile and gives data of more fundamental nature than 
TGA. This technique involves recording of difference in temperature between 
a substance and reference material against either time or temperature as the 
two specimens are subjected to identical temperature regimes in an 
environment heated or cooled at a programmed heating rate. Any transition, 
which the polymer sample undergoes, results in absorption or liberation of 
energy by the sample with a corresponding deviation of its temperature from 
[19] Jhonson G. B., Hess P.H. and Miron R.R., J. Appl. Polym. Sci., 6, 497 (1962). 
[20] Kamal M.R. and Scyrour S., Polym. Eng. Sci., 13, 59 (1973). 
[21] Horie K., Hiura H., Sawada M., Mita I. and Kabe H., J. Polym. Sci., Part A, 8, 1357 
(1970). 
[22] Fava R. A., Polymer, 9, 137 (1968). 
[23] Prime R.B.; Analytical Calorimetry, Plenum Press, N. Y., 2, 201 (1970). 
[24] Acitelli M. A., R. B. Prime and E. Sacher, Polymer, 12, 335 (1971). 
[25] ShitoJ.J., J. Polym. Sci., 23, 569 (1968). 
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that of the reference. In DTA, as soon as the sample reaches the temperature 
of the change of its state (chemical or physical), the differential signal appears 
as a peak. The number, position, shape and nature (exothermic or 
endothermic) of the DTA peaks give information about glass transition 
temperature, crystalline rearrangement, melting, curing, polymerization, 
crystallization, decomposition of polymer, etc. 
Thermo gravimetric analysis (TGA) 
Different polymers decompose over different ranges of temperature 
yielding different proportion of volatile and residues. Thermo gravity is useful 
analytical technique for recording weight loss of a test sample as a function of 
the temperature, which may be used for understanding the chemical nature of 
the polymer. Thus, the weight of a substance in an environment heated or 
cooled at a controlled rate is recorded as a function of time or temperature. 
 There are three types of thermogravimetry: 
1. Static or isothermal thermogravimetry, 
2. Quasistatic thermogravimetry and 
3. Dynamic thermogravimetry. 
Most of the studies of polymers are generally carried out with dynamic 
thermogravimetry. Normally the sample starts losing weight at a very slow 
rate up to a particular temperature and thereafter, the rate of loss become 
large over a narrow range of temperature. After this temperature, the loss in 
weight levels off. TGA curves are characteristics for a given polymer because 
of unique sequence of physico-chemical reactions, which occur over definite 
temperature ranges and at the rates those are function of the polymer 
structure. The change in weight is a result of the rupture and /or formation of 
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various physical and chemical bonds at elevated temperatures that lead to the 
evolution of volatile products in the formation of heavier reaction products. 
Pyrolysis of many polymers yields TG curves, which are relatively 
simple sigmoidal curves. In such cases weight of the sample decreases 
slowly as reaction begins and then decreases rapidly over a comparatively 
narrow range of temperature and finally levels off as the reaction gets 
completed. The shape of the curve depends on the kinetic parameters: 
reaction order n, frequency factor A and activation energy E. The values of 
these parameters have been shown to be of major importance to elucidate the 
mechanism of polymer degradation [26, 27]. 
Reich and Levi [28] have described several temperature characteristics 
for qualitative assessment of relative thermal stability of polymers: 
1. Initial decomposition temperature (T0), 
2. Temperature of 10% weight loss (T10), 
3. Temperature of maximum rate of decomposition (Tmax), 
4. Half volatilization temperature (Ts), 
5. Differential decomposition temperature and 
6. Integral procedural decomposition temperature (IPDT). 
With dynamic heating T0 and T10 are some of the main criteria of the 
thermal stability of a given polymer at a given temperature.  
For the estimation of kinetic parameters from TG traces, several so 
[26] Levi D. W., Reich L. and Lee H. T., Polymer Eng. Sci., 5, 135 (1965). 
[27] Friedman H.L., U. S. Dept. Com., Office Tech., 24 PP (1959); C. A. 55, 26, 511 
(1961).  
[28] Reich L. and Levi D.W., Macromol. Rev. Eds. Peterlin Goodman Wiley Interscience, 
New York, 173 (1968). 
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called exact methods have been proposed. All these methods involve two 
important assumptions that thermal and diffusion barriers are negligible and 
that Arrhenius equation is valid. Since small quantities of materials are 
employed in TG studies, thermal and diffusion barriers would be negligible. 
Since the shape of any TG curve is dependent on the nature of 
apparatus and the way in which it is used. Most kinetic treatments are based 
on the relationship of the type: 
        )(Ckfdt
dC =                 …(4.1) 
where C = Degree of conversion, t = time, k = rate constant, f(C) = a 
temperature independent function of C. 
The constant k is generally assumed to have the Arrhenius form 
          k = Ae-E/RT                …(4.2) 
C is defined as the conversion with respect to initial material 
C = 1 - 
0W
W         …(4.3) 
where W0 = Initial weight of the material and W = weight of the material 
at any time.  
The residual weight fraction is given by 
 ( )CW
W −= 1
0
 
and the rate of conversion is given by 
 ( ) dt
dWW
dt
dC
01−=     …(4.4) 
For homogeneous kinetics, the conversion would be assumed to have 
the form 
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      …(4.5) ( ) ( )nCCf −= 1
where n = order of the reaction. 
Upon substituting Eqns. (4.2) and (4.5) into Eqn. (4.1) 
       ( )nRTE CAedt
dC −= − 1/  
  OR 
     ( )( nRTE CeAdTdC −


= − 1/β )     … (4.6) 
where β = Rate of heating. 
Methods of single heating rate 
1. Freeman – Carroll [29] and Anderson-Freeman method [30] 
Freeman-Carroll developed the following relation to analyze TGA data 
at a single heating rate: 
  ( )( )
( )
( )


−∆
∆−=−∆
∆
Cn
T
R
En
Cn
dtdCn
11
1
11
1              … (4.7) 
A plot of L.H.S. against ( )( )C
T
−∆
∆
1ln
/1  would yield a straight line with slope 
equal to –E/R and the intercept equal to n. Using Eqn. (4.7) Anderson-
Freeman derived the Eqn. (4.8): 
 ( ) 

∆−−∆=

∆
TR
ECn
dt
dC 11lnln     …(4.8) 
 According to Eqn. (4.8), the plot of   against  for 
equal intervals of 
( dtdC /ln∆ ) )( Cn −∆ 11
( )T1∆
( )RE /−
 would be a straight line with slope equal to n and the 
intercept equal to . ( T/1∆ )
[29] Freeman E. S. and  Carroll B.; J. Phys. Chem., 62, 394(1958). 
[30] Anderson D. A.. and Freeman E. S.; J. Polym. Sci., 54, 253 (1961). 
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2. Sharp-Wentworth method [31] 
 For a first order process (n=1), Sharp-Wentworth derived the following 
relation to analyze TGA data: 
 ( )
TR
EA
C
dtdC 1.
303.2
log
1
log −=


− β      ...(4.9) 
 where C = fraction of polymer decomposed at temperature T,  = rate 
of heating, A = Frequency factor and E = the activation energy of the process. 
β
 The plot of log 


−C
dtdC
1
/ against 1/T would be a straight line, with slope 
equal to – (E / 2.303 R) and intercept equal to . ( )β/log A
3. Chatterjee method [32] 
 Chatterjee developed the following relation for the determination of n 
from TG curves based on weight units: 
               
21
21
loglog
loglog
WW
dt
dW
dt
dW
n −


−

−
=     …(4.10) 
 where W1 and W2 are the sample weights. 
4. Horowitz-Metzger method [33] 
 The value of E can be determined from a single TG curve according to 
Horowitz-Metzger method: 
      ( )[ ] θ2111 RTsECnn =− −1                …(4.11) 
 where, Ts = Temperature at which the rate of decomposition is 
maximum and  = T – Ts. θ
[31] Sharp J. H. and Wentworth S. A.; Anal. Chem., 41, 2060 (1969). 
[32] Chatterjee P. K.; J. Polym. Sci., A-3, 4253 (1965). 
[33] Horowitz H. H. and Metzger G.; Ana. Chem., 35, 1464(1963). 
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 The frequency factor A and entropy change ∆ * can be determined 
respectively according to Eqns. (4.12) and (4.13). 
S
 ( ) 22 1111 RTsEnnARTsnnE −−=− β    …(4.12) 
                       RSb eh
TkA /
*∆=     …(4.13) 
         where kb is Boltzmann constant 
Methods of multiple heating rates 
I. Anderson [34] method 
 Anderson [34] and Friedman [35] have developed the method based 
on multiple heating rates. These methods are based on the fact that as the 
heating rates are increased, TG curves tend to shift to higher temperatures, 
since at lower temperature decomposition occurs for shorter times. 
The relation is ( )
RT
ECnnnAnRt −−+= 1111             …(4.14)  
   where Rt = β  dTdC /
 The plot of ln Rt against 1/T would be a straight line with slope equal to 
–E/R at a fixed degree of conversion. 
 In order to evaluate the values of n and A, Eqn. (4.15) can be 
employed by condsidering 1/T = 1/To when lnRt = 0 
          )1(11 CnnnA
RT
E
o
−+=     …(4.15) 
 According to Eqn. (4.15), the plot of E/RTo against ln(1-C) would be a 
straight line with slope equal to n and intercept equal to ln A. 
 
[34]  Anderson H. C., J. Polym. Sci., C6, 175 (1964). 
[35]  Friedman H. L., J. Polym. Sci., C6, 183 (1964).  
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II.  Friedman method [35] 
 Friedman [35] has developed the following Eqn. (4.16): 
          
RT
ECnnnA
dt
dCn −−+=

 )1(111              … (4.16) 
 According to Eqn. (4.16), the plot of ln dC/dt against 1/T for various 
constant values of (1-C) at each heating rate would be a straight line with 
slope equal to –E/R and 
     …(4.17) )1(11 CnnnAIntercept −+=
 The intercepts obtained from the first graph can be plotted against ln(1-C), 
the slope and the intercept of which yield the values of n and A, respectively. 
III. Ozawa method [36] 
 Ozawa has developed the following Eqn. 4.18: 
 ( ) 

−−−≈−∫ RTERTAECdC
C
n 4567.0315.2loglog1
log
0
β  …(4.18) 
The plot of log  against 1/T would be a straight line for the fixed 
values of conversion; the slope is equal to –0.4567(E/R). 
β
EXPERIMENTAL 
Differential thermal analysis and thermo gravimetric analysis of ECBF, 
ECBP, ECBT, ECBC, ECBM, ECMF, ECMP, ECMT, ECMC, ECMM, EBBF, 
EBBP, EBBT, EBBC and EBBM were made on a Mettler TS system at a 
heating rate of 15oC/min in a nitrogen atmosphere.   
RESULTS AND DISCUSSION 
Physico-chemical properties of cured resins are mainly dependent 
upon the extent of curing, hardener concentration and flexibility of the 
hardener molecule. The rigid structure can be obtained by using cycloaliphatic  
 [36] Ozawa T; Bull. Chem. Soc. Jap., 38, 1881 (1965). 
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or hardeners such as pyromellitic dianhydride. TG-DTA thermograms of the 
cured resins are presented in Figs.4.1 to 4.14. The DTA transitions along with 
initial decomposition temperature (IDT), the decomposition range, % weight 
loss and temperature of maximum (Tmax) weight loss are reported in Table 
4.1. The endothermic DTA transition below IDT is due to some physical 
changes such as melting, glass transition, etc. Generally melting and glass 
transitions are endothermic in nature. As PMDA and TCP cured resins are 
insoluble in common solvents and therefore we may rule out the possibility of 
melting transition to a first approximation and endothermic transition below 
IDT may be assigned as glass transition, which is different than melting of 
PMDA (m.p. 286oC) / TCP (m.p. 254oC). The endothermic transition of DDC 
(m.p. 110oC) / DDM (m.p. 92oC) cured resins below IDT may be due to 
melting because both types of systems were in liquid state during heating. 
ECB and ECM cured with 4, 4’-diamino diphenyl sulphone (DDS, m.p. 175-
176oC) [37] are insoluble and gave endothermic transition respectively at 
257oC and 277.5oC, below IDT. In case of thermo sets, Tg is mainly 
dependent on the nature of hardeners and extent of curing. High degree of 
curing may result in high Tg. Other endo- or exothermic transitions are due to 
either decomposition reactions or some physical changes. Decomposition 
transitions are supported by weight loss in TG thermograms while there is no 
weight loss for physical change. Thus, DTA and TGA are complimentary of 
each other. 
The exothermic transitions may be the result of physical or chemical 
changes. Physical processes that are endothermic include Tg, fusion,  
[37] Kagathara V.M., Sanariya M.R., Parsania P.H., Polym. Test. 21, 181 (2002). 
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Table 4.1 TG-DTA data of cured epoxy samples 
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vaporization and sublimation. Adsorption is generally an exothermic transition 
while crystalline transitions may be either endothermic or exothermic. 
TGA 
IDT, oC Decompn.range,oC % Wt. loss Tmax, oC Resin DTA peak,oC 
I         II   I                          II I               II I               II 
ECBF 414.5(exo) 
518(endo) 
577.8(exo) 
643.8(exo) 
350     525 350-450           525-625 67                11 435.1      570.7 
ECBP 225.8 (endo) 
    571.4 (exo) 
350     525 350-450            525-600 57                21 
 
430.5      563.9 
ECBT 450.9 (exo) 
592.1 (exo) 
300     510 
 
300-465            510-620 67                20 
 
439.4      579.1 
ECBC 271  (endo) 
468.0 (endo) 
589.5 (exo) 
360     542 
 
360-450            542-598 
 
50                11 
 
432.4      586.2 
ECBM 253.3 (endo) 
444 (exo) 
515 (exo) 
611.2 (exo) 
655.8 (exo) 
345     540 
 
345-450           540-650 
 
56                11 
 
434.2      612.9 
 
ECMF 227.9 (exo) 
400.8 (exo) 
590.2 (exo) 
290     540 290-450            540-630 57                22 416         578.5 
ECMP 255.2 (exo) 
441.8 (exo) 
570.3 (exo) 
723.2 (endo) 
300     525 
 
300-445            525-605 
 
59               13 
 
398         564.7 
 
ECMT 251.9 (exo) 
391.1 (exo) 
601.5 (exo) 
300     555 
 
300-455           555-625 60               17 
 
421.8      587.9 
 
ECMC 406.9 (exo) 
594.0 (exo) 
300     515 
 
300-435           515-600 
 
59               21 
 
399.8      564.2 
 
ECMM 400 (exo) 
552.2 (endo) 
215     365 
 
215-315          365-460 
 
46               13 
 
273         411.1 
 
EBBF 221 (endo) 
311.4 (exo) 
575 (exo) 
756 (exo) 
300     610 300-350           610-780 56             22.3 326         711.3 
EBBP 227.4 (endo) 
351.5 (endo) 
391.7 (exo) 
588 (exo) 
359     540 
 
359-373           540-640 
 
40                20 
 
368         639.7 
 
EBBC 228.4 (endo) 
317.7 (endo) 
490 (exo) 
618.7 (exo) 
295     450 
 
295                          450 
 
61               24 
 
308.8         612 
EBBM 227.6 (endo) 
307.9 (endo) 
477.2 (exo) 
656.4 (endo) 
270     525 
 
270-335            525-800 
 
46                34 
 
312            648 
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Chemical reactions also produce differential exothermic or endothermic 
processes.  
 Cured resins are thermally stable up to about 300-360oC except ECMM 
(215oC) and involved two-step decomposition reactions. Tmax for cured ECB resin 
is almost same for different hardeners used while for ECM and EBB resins it is 
somewhat different for first step decomposition. For second step, Tmax is different 
for different hardeners used for all resins. First step involved 40-67% weight loss 
while second step involved 11-34% weight loss. The kinetic parameters such as 
order of reaction (n), energy of activation (Ea) and frequency factor (A) are 
determined according to Freeman-Anderson method [30]. The least square 
values along with correlation coefficients are reported in Table 4.2. 
)1(1lnln L

∆−∆=∆
TR
EWn
dt
dW           )2(2 L


= −RT
E
eA
RT
E
β  
and             )3(
*
L


=
∆
R
S
e
h
kTA  
where β is the rate of heating and k is the Boltzmann constant. Other symbols 
have their own usual meaning. The change in entropy (∆S*) is calculated at 
corresponding Tmax. From Table 4.2, it is clear that the degradation reactions 
followed fractional, first or second order kinetics. The observed effect of the 
hardeners on Ea, A and ∆S* is PMDA>DDM>DDC>TCP. From the observed 
data, it is clear that the rigid structure required high activation energy and 
flexible structure required low activation energy and accordingly the frequency 
factor also varied. Thus, the nature and structure of the hardeners in addition 
to the extent of curing affected the degradation kinetics. 
 
Table 4.2 Kinetic parameters of cure epoxy samples derived according to   
      Freeman-Anderson equation 
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Resin n 
I           II 
Ea, KJ 
I              II 
A, S-1 
I                   II 
∆S*, JK-1 
I              II 
Corr. Coeff., γ 
Ι                        ΙΙ 
ECBF 0.53        - 87.5          - 2.66x1010       - -48.5           - 0.9971               - 
ECBP 0.94      .60 265.4    139.4 2.7x1032   7.3x1012 373.0         -3.9 0.9814           0.9810 
ECBT 0.53       - 87.5           - 1.4x1010              - -53.9            - 0.9971                     - 
ECBC 0.53       - 185.1         - 1.2x1022              - 174.7           - 0.9955                     - 
ECBM 0.58     1.95 195.4    445.7 4.1x1023         482.7 203.9       483.9 0.9941           0.9238 
ECMF 0.88     0.81 249.8     34.6 6.03x1031    244.7 360.8      -204.7 0.9855           0.9814 
ECMP 1.41     1.28 167.3    286.2 9.5x1021   5.4x1026 173.5       261.6 0.9855           0.9926 
ECMT -          0.94 -            222.9 -              9.2x1019 -               131.6 -                     0.9864 
ECMC 0.97        - 107.1         -  9.0x1017             - 98.5             - 0.9792                     - 
ECMM 0.89     2.76 97.8      199.1 1.5x1016   1.4x1016 64.3           57.8 0.9903          0.9715 
EBBF 0.74     0.12 152.6      32.6 7.99x1025    29.1 250.3      -224.2  0.9776          0.9763 
EBBC 0.73     0.48 103.0      70.7 1.8x1013     1.6x106 6.6          -131.6 0.9999          0.9864 
EBBM 0.90        - 139.8          - 5.2x1017             - 91.6            - 0.9878                     - 
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   Table 4.3 : The detail calculation scheme for ECBF by F-A method 
 
 
Step – I 
 
1/Tx103 Wt.loss dW/dt x 103 
Active 
wt., W lnW ln(dW/dt) ∆lnW ∆ln(dW/dt) 
 1.45  76.69  9.99  39.69  3.6811  2.3016  0.0627   0.1078 
 1.445  74.28  8.97  37.28  3.6184  2.1938  0.0757  -0.27 
 1.44  71.56  11.75  34.56  3.5427  2.4638  0.0893  -0.0619 
 1.435  68.61  12.5  31.61  3.4534  2.5257  0.1053  -0.0507 
 1.43  65.45  13.15  28.45  3.3481  2.5764  0.1233  -0.0395 
 1.425  62.15  13.68  25.15  3.2248  2.6159  0.1487  -0.026 
 1.42   58.75  14.04  21.75  3.0761  2.6419  0.1703  -0.0099 
 1.415  55.28  14.18  18.28  2.9058  2.6518  0.2112   0.0121 
 1.41  51.8  14.01  14.8  2.6946  2.6397  0.2672   0.0408 
 1.405  48.33  13.45  11.33  2.4274  2.5989  0.3568   0.0804 
 1.4  44.93  12.41  7.93  2.0706  2.5185   
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Fig. 4.15 : The plot of ∆ln(dW/dt) against ∆lnW  for  ECBF-I.
 119 Thermal… 
    Table 4.4 : The default Calculation scheme of ECBP by F-A method. 
 
Step - I 
1/Tx103 Wt.loss dW/dt x 103 
Active 
wt., W lnW lndW/dt ∆lnW ∆ln(dW/dt) 
 1.48  75.74  0.61  35.74  3.5762  -0.4943  0.0819  -2.0794 
 1.47  72.93  4.88  32.93  3.4943  1.5851  0.0998  -0.4703 
 1.46  69.8  7.81  29.8  3.3945  2.0554  0.1238  -0.2461 
 1.45  66.33  9.99  26.33  3.2707  2.3015  0.1546  -0.1623 
 1.44  62.56  11.75  22.56  3.1161  2.4638  0.1957  - 0.1126 
 1.43  58.55  13.15  18.55  2.9204  2.5764  0.2525  -0.0655 
 1.42  54.41  14.04  14.41  2.6679  2.6419  0.3387   0.0022 
 1.41  50.27  14.01  10.27  2.3292  2.6397  0.4855   0.1212 
 1.4  46.32  12.41   6.32  1.8437  2.5185  0.8285   0.0024 
 1.39  42.76  12.38   2.76  1.0152  2.5161    
 
 
Step – II 
1/Tx103 Wt.loss dW/dt x 103 
Active 
wt., W lnW lndW/dt ∆lnW ∆ln(dW/dt) 
 1.25  29.61  1.91  18.61  2.9237  0.6471  0.0795  -0.1459 
 1.24  28.19  2.21  17.19  2.8443  0.793  0.0888  -0.1312 
 1.23  26.73  2.52  15.73  2.7555  0.9242  0.1108  -0.1054 
 1.22  25.08  2.8  14.08  2.6447  1.0296  0.1441  -0.069 
 1.21  23.19  3  12.19  2.5006  1.0986  0.1931  -0.0424 
 1.2  21.05  3.13  10.05  2.3075  1.141  0.2611  -0.0032 
 1.19  18.74  3.14  7.74  2.0464  1.1442  0.3656   0.039 
 1.18  16.37  3.02  5.37  1.6808  1.1052  0.543   0.0756 
 1.17  14.12  2.8  3.12  1.1378  1.0296   0.9308   0.1417 
 1.16  12.23  2.43  1.23  0.207  0.8879   
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Fig. 4.16 : The plots of ∆ln(dW/dt) against ∆lnW  for  ECBP- I and II. 
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Table 4.5 : The detail calculation scheme for ECMT by F-A method 
 
Step – I 
1/Tx103 Wt.loss dW/dt x 103 
Active 
wt., W lnW lndW/dt ∆lnW ∆ln(dW/dt) 
 1.5  84.94  3.41  43.94  3.782825  1.226712  0.034969  0.034969 
 1.54  83.43  3.56  42.43  3.747856  1.269761  0.037704  0.037704 
 1.53  81.86  3.81  40.86  3.710152  1.337629  0.04224  0.04224 
 1.52  80.17  4.14  39.17  3.667911  1.420696  0.04865  0.04865 
 1.51  78.31  4.52  37.31  3.619261  1.508512  0.057647  0.057647 
 1.5  76.22  4.94  35.22  3.561614  1.597365  0.068141  0.068141 
 1.49  73.9  5.38  32.9  3.493473  1.682688  0.080676  0.080676 
 1.48  71.35  5.8  30.35  3.412797  1.757858  0.096431  0.096431 
 1.47  68.56  6.18  27.56  3.316365  1.821318  0.114432  0.114432 
 1.46  65.58  6.5  24.58  3.201933  1.871802  0.137141  0.137141 
 1.45  62.43  6.72  21.43  3.064792  1.905088  0.16392  0.16392 
 1.44  59.19  6.8  18.19  2.900872  1.916923  0.19884  0.19884 
 1.43  55.91  6.71  14.91  2.702032  1.903599  0.243298  0.243298 
 1.42  52.69  6.42  11.69  2.458734  1.859418  0.303489  0.303489 
 1.41  49.63  5.88  8.63  2.155245  1.771557  0.392228  0.392228 
 1.4  46.83  5.06  5.83  1.763017  1.621366  0.533376  0.533376 
 1.39  44.42  3.9  3.42  1.229641  1.360977   
 
Step – II 
1/Tx103 Wt.loss dW/dt x 103 
Active 
wt., W lnW lndW/dt ∆lnW ∆ln(dW/dt) 
 1.2  30.88  1.56  12.88  2.5556  0.4446  0.0995  -0.1866 
 1.19  29.66  1.88  11.66  2.4561  0.6312  0.1328  -0.1389 
 1.18  28.21  2.16  10.21  2.3233  0.7701  0.1739  -0.0843 
 1.17  26.58  2.35  8.58  2.1494  0.8544  0.231  -0.0335 
 1.16  24.81  2.43  6.81  1.9184  0.8879  0.311   0.0208 
 1.15  22.99  2.38  4.99  1.6074  0.8671  0.4443   0.0696 
 1.14  21.2  2.22  3.2  1.1631  0.7975  0.7249   0.1195 
 1.13  19.55  1.97  1.55  0.4382  0.678  2.4043   0.1592 
 1.12  18.14  1.68  0.14  -1.9661  0.5188   
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Fig. 4.17 : The plots of ∆ln(dW/dt) against ∆lnW  for  ECMT- I and II. 
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    Table 4.6 : The detail calculation scheme for EBBM by F-A method 
 
Step – I 
1/Tx103 Wt.loss dW/dt x 103 
Active 
wt., W lnW lndW/dt ∆lnW ∆ln(dW/dt) 
 1.82  85.39  3.39  34.39  3.5377  1.2208  0.0295  -0.0291 
 1.81  84.39  3.49  33.39  3.5082  1.2499  0.0335  -0.0929 
 1.8  83.29  3.83  32.29  3.4747  1.3428  0.0398  -0.1273 
 1.79  82.03  4.35  31.03  3.4349  1.4701  0.0478  -0.1333 
 1.78  80.58  4.97  29.58  3.3871  1.6034  0.0585  -0.1264 
 1.77  78.9  5.64  27.9  3.3286  1.7298  0.0705  -0.1091 
 1.76  77  6.29  26  3.2581  1.8389  0.0855  -0.0897 
 1.75  74.87  6.88  23.87  3.1726  1.9286  0.1032  -0.0688 
 1.74  72.53  7.37  21.53  3.0694  1.9974  0.1239  -0.0451 
 1.73  70.02  7.71  19.02  2.9455  2.0425  0.1501  -0.0231 
 1.72  67.37  7.89  16.37  2.7954  2.0656  0.1839   0.0013 
 1.71  64.62  7.88  13.62  2.6115  2.0643  0.2274   0.0231 
 1.7  61.85  7.7  10.85  2.3841  2.0412  0.2898   0.0493 
 1.69  59.12  7.33  8.12  2.0943  1.9919  0.3878   0.075 
 1.68  56.51  6.8  5.51  1.7065  1.9169   
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Fig. 4.18 : The plots of ∆ln(dW/dt) against ∆lnW  for  EBBM- I. 
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In certain cases kinetic parameters for second step are not determined due to 
small weight loss. 
 The endothermic transitions at 221oC (EBBF) and 227.9oC (ECMF) 
are due to Tg. The exothermic transitions at 414.5oC and 577.8oC for ECBF; 
400.8oC and 590.2oC for ECMF and 311.4oC and 756oC for EBBF are due to 
decomposition reactions as supported by weight loss in TG thermograms over 
that temperature. Other transitions are due to some physical changes and 
supported by no weight loss in corresponding TG thermogram. 
The ether, ester/amine and halogen linkages are weak points, which 
degrade selectively to form free radicals. These free radicals may further 
undergo recombination to form new compounds that may further degrade at 
elevated temperature. The formation of compounds is supported by DTA 
transitions. The pyrolysis of polymers involve a variety of reactions such as 
chain cleavage, rearrangement of chain segments, decomposition of chain 
segments, cross linking, branching reactions, etc. Looking to small amount of 
the residual weights it can be presumed that all the cured samples ultimately 
converted into low molecular weight substances. Different magnitudes of 
kinetic parameters supported different degradation mechanisms. A large and 
positive magnitudes of ∆S* supported less ordered transition states while a 
large and negative magnitude of ∆S* supported ordered transition states. 
Cured halogenated epoxy resins are found more thermally stable then 
unhalogenated resins ER – 1 and ER – 2 (224 -230°C) [38]. 
[38] Sanariya M. R. and Parsania P. H.; Thermal properties of bispehnol-C-formaldehyde 
and cured and uncured bisphenols-C-Formaldehyde epoxy resins. J. Polym. Mater., 
17, 479-486 (2000). 
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 The composite technology of polymeric matrix reinforced with man 
made fibers such as glass, kevlar, carbon has given an essential account in 
the aerospace applications. After meeting the aerospace applications it has 
come of age especially with the advances in domestic and industrial 
applications. Fiber reinforced composites are the materials in which a fiber 
made of one material is embedded in another material. Modern composites 
are usually made of two components, a fiber and a matrix. The fiber is 
embedded in matrix in order to make the matrix stronger. Fiber reinforced 
composites are stronger and lightweight and thus are widely used to make 
automobiles lighter and much more fuel-efficient and thus make less pollution. 
 The feature common to all polymeric composite preparations is the 
combination of the resinous material, a curing agent and in some cases a 
solvent. Typically, heat and pressure are used to shape and cure the mixture 
into a finished part, which is now known as a composite. 
 In composite the resin acts to hold the fibers together and protect them 
and to transfer the load to the fibers in the fabricated composite part. The 
curing agent also known as hardener acts as a catalyst and helps in curing 
the resin to a hard plastic. The reinforcing fiber imparts strength and other 
required properties to the composite. 
  The processes of manufacturing advanced composites vary widely in 
type of equipment used. Several processes are automated; however, some 
are manual and require worker contact with the part during manufacture. The 
basic process types are described below: 
• Formulation is the process where the resin, curing agent and any other 
component required are mixed together. This process may involve 
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adding the components manually into a small mixing vessel or in the 
case of larger processes; the components may be pumped, into a 
mixing vessel. 
• Prepregging is the process where the resin and curing agent mixture 
are impregnated into the reinforcing fibre. These impregnated 
reinforcements also called prepregs take three main forms: woven 
fabrics, roving and unidirectional type. Fabrics and types are in 
continuous rolls. The fabric or tape thickness constitutes one ply in the 
construction of multiply lay-up. Impregnated roving is wound onto cores 
or bobbins and is used for filament winding. 
 Once the resin mixture has been impregnated onto the fibres, 
the prepregs must be stored at a low temperature to prevent the 
chemical reactions occurring prematurely. Prepregs materials are used 
widely in the advanced composite industry, particularly in aircraft and 
aerospace. 
• Open molding processes are those where the part being manufactured 
is exposed to the atmosphere. The workers typically handle the part 
manually and there is a higher potential for exposure. The resin mixture 
may be a liquid being formed onto a reinforcing material or it may be in 
the form of prepregs material being formed for final cure. 
• Sequential or batch process involves manufacture of a single part at a 
time, in sequence. This type of process is usually required where the 
part being made is small and complex in shape, when the curing phase 
is critical, when finishing work must be minimized or where a small 
number of parts are involved. 
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• Continuous processes are typically automated to some degree and are 
used to produce larger numbers of identical parts relatively quickly. 
These processes are typified by pumping of the resin mixture into the 
mold, followed by closed curing. 
Fabrication of composites 
Fabrications of composites involve five steps: 
1) Resin formulation 
2) Prepregging 
3) Curing of single/multi prepregs 
4) Machining or finishing 
5) Field repair 
1) Resin formulation  
 Resin formulation consists of mixing epoxy or other resins with other 
ingredients to achieve desired performance parameters. Generally, the 
ingredients may be curing agents, accelerators, reactive diluents, pigments, 
etc. 
 Curing agents are key materials in composite as they perform cross 
linking reaction of resin used and strengthen the composite material. 
 Accelerators are those, which accelerate the rate of curing and lower 
down the temperature and pressure of curing in some cases. Reactive diluents 
are commonly solvents used in composite preparation for either as part of the 
resin/curing agent or used during manufacturing process or as part of the 
clean up process. Pigments are chemicals applied to impart colour and gloss 
in composite material. 
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2) Prepregging 
 Prepregging involves the application of formulated resin products in 
solution or molten form to reinforcement such as carbon fiber, glass fiber or 
aramid fiber or cloth. The reinforcement is saturated by dipping through the 
liquid resin. In an alternate method called Hot Melt Process, the resin is 
impregnated through heat and pressure. The Hot Melt System uses resins 
with a very low % of solvents. 
 Prepregs can be prepared either automated equipment or through 
hand lay up technique. 
3) Curing 
 Prepregs made by hand lay up or automated tape lay up must be cured 
by a combination of heat, pressure, vacuum and inert atmosphere. To 
achieve proper cure, the part is placed into a plastic bag inside an autoclave. 
A vacuum is applied to plastic bag to remove air and volatile products. Heat 
and pressure are applied for curing. Usually an inert atmosphere is provided 
inside the autoclave through the introduction of nitrogen or carbon dioxide. 
Exotherms may occur if the curing step is not done properly. 
4) Machining or finishing 
 Most of the composites made require some machining and finishing 
work. This traditionally involves drilling, sanding, grinding or other manual 
touch-up work. These processes vary widely, depending on the size of the 
finished composite and the amount of finishing work required; and often 
require complex drilling and trim fixtures.   
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5) Field repair 
 Repair of damaged composite is frequently required. The process may 
consist of several steps including cutting out of the damaged material, 
repainting of the surface to be repaired, patching and sanding of the damaged 
area and repainting of the required area. Heater blankets and portable 
vacuum systems are often used following an approved repair process 
specification.  
 When composite material is prepared for commercial or specific 
applications, it must be capable of withstand various environmental conditions 
and other failures. A composite has three entities that are susceptible to 
failure – the reinforcement, the matrix and the interface. The failure of one can 
initiate failure of others. 
 Thus, in order to increase potential application area of composites, it is 
necessary to consider three major aspects: 
 (1) Fiber modification 
 (2) Resin matrix 
 (3) Coupling agents 
EXPERIMENTAL 
 In presented work glass composites were prepared by hand lay up 
technique. 
 Composites of ECB, ECM and EBB resins were prepared by using 
50% bisphenol-C-formaldehyde (BCF) as a curing agent, glass cloth as a 
reinforcement matrix and acetone as a solvent. The detailed procedure is 
described as under. 
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 Equiquantity of ECB / ECM / EBB (8.75 g) and BCF (8.75 g)  50% of 
silane treated glass fabric were dissolved in 100 ml acetone and resultant 
solution was applied by hand lay up technique on a 15 cm X 15 cm of E-type 
glass cloth (Unnati Chemicals, India) and the solvent was allowed to 
evaporate. The eight such air dried prepregs were stacked one over another 
and placed between two preheated steel plates at 150oC under pressure of 2 
tons/ sq.inch for 2 h and at room temperature for 15 h. Silicon mold releasing 
spray was used as a mold releasing agent. The composites thus formed have 
glossy appearance and uniform surface. The composites are here after 
designated as ECBF, ECMF and EBBF. 
 The glass content in the composites was determined by gravimetric 
method and average glass content is found to be 55.7, 53.2 and 54.1 % for 
ECBF, ECMF and EBBF, respectively. 
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Composites, the wonder material with light weight, high strength-to-
weight ratio and stiffness properties have come a long way in replacing the 
conventional materials like metals, woods, etc [1]. The material scientists all 
over world focused their attention on development of newer composite 
materials, which are compatible mechanically, electrically and thermally to 
substitute traditional materials. 
Advanced composites exhibit desirable physical and chemical 
properties that include lightweight coupled with high stiffness and strength 
along the direction of the reinforcing fiber, dimensional stability, temperature 
and chemical resistance, flex performance and relatively easy processing [2-
3]. Advanced composites are replacing metal components in many uses, 
particularly in the aerospace industry [4-5]. 
Composites have different properties than other materials. Metals have 
equal strength in all directions while composites can be custom tailored to 
have strength in specific direction. If a composite has to resist bending in 
one direction, the fiber can be oriented at 90o to the bending force [5]. The  
 
[1] Hattori, Tadahiro; Decorative wood substitute pillars. Japan Kokai 75, 92364 (1975); 
C. A. 83, 207224 (1975). 
[2] Agarwal B. D. and Broutman L. J.; Analysis and performance of fiber composites. 
John Wiley and Sons, (1980) 
[3] Tsai S. W. and Hahn H. T.; Introduction to composite materials. Technomic 
Publishing Co., Conn., (1980). 
[4] Howell William E., Boron-epoxy reinforced titanium aircraft loading-gear drag sirut. 
NASA Tech. Note (1976); C. A. 86, 141132 (1977).   
[5] Robert Young P., Handbook of Fiberglass and Advanced Plastics Composites. Van 
Nostrand Reinhold Company, New York (1969).  
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performance characteristics of composites can be varied to a tremendous 
degree, which makes them a highly adaptable engineering material and 
make them more difficult to describe. There are many combinations of resins 
and reinforcements used in composites. Each specific material contributes to 
specific unique properties in the finished product.  
There are number of resins used in composites includes polyvinyl 
ester, modified acrylic, epoxy, phenolic and urethane resin systems. Each of 
these resins has specific performance characteristics. For example, for 
corrosion resistance product, isophthalic or vinyl ester resin is required [6]. If 
high strength critical product is required, epoxy resin might be used. For low 
product cost phenolic resins are employed. The resin system is selected 
based on the functional groups as well as requirements of the product.   
 In addition to different resins, various types of reinforcement fibers are 
used in composites. Glass fiber is used in over 90% of all composites. 
However if required, advanced fibers such as Kevlar or carbon fiber offer high 
level performance for space or military application at a significant price. 
This chapter is further divided into two sections. 
SECTION-I: MECHANICAL AND ELECTRICAL PROPERTIES OF 
COMPOSITES: 
 The tensile strength (MPa), electrical strength (kV/mm), volume 
resistivity (Ohm.cm) and dielectric constant measurements on composites 
were carried out according to IS: 11298-pt-2-87, IEC-243-pt-1-88, ASTM-D-257- 
 
[6] Araki, Kunio, Goto and Kazuo; Hardended products of polyester resin. Japan 
74,44,600 (1974); C. A. 83, 29186 (1975). 
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92 and ASTM-D-150-92, respectively. The composites of suitable dimensions 
were prepared for the said study. 
 The tensile strength measurements were made on an Instron Universal 
Testing Machine, Model No. 1185, at a testing speed of 50 mm/min. The 
electric strength measurements were made on High Voltage Tester 
(Automatic electric Mumbai) in an air at 27oC by using 25/75 mm brass 
electrodes. Volume resistivity measurements are made at 27°C on Hewlett 
Packard High Resistance Meter at 500 volt DC after charging for 60 sec. 
RESULTS AND DISCUSSION 
[A] MECHANICAL PROPERTIES OF COMPOSITIES 
 Mechanical properties of glass epoxy composites are dependent on 
number of factors of which the following are the most important: 
 (1) Resin used 
 (2) Hardener used 
 (3) Fillers and modifiers used 
 (4) Type of reinforcement 
 (5) Resin and hardener contents of composite 
 (6) Curing conditions 
 However, the mechanical properties can be improved according 
to needs of application by modifying reinforcements, resin or hardener. The 
ultimate markets of epoxy glass composites are numerous. The most 
important use is to provide the efficient high strength to weight ratio. 
To meet the requirements of various applications, composite materials 
should be approved mechanically also. Most applications of composites need 
load-bearing capacity. The geometrical response to loading lead to a wide 
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range of mechanical properties grouped under stress-strain properties, visco-
elasticity and failure properties. These properties in turn largely determine the 
polymer structure (i. e. molecular weight, cross linking, branching, segmental 
structure and morphology) and the nature and extent of compounding when 
characterizing the mechanical properties.  
Among the mechanical properties, tensile strength, wear resistance, 
fatigue resistance and impact resistance are common tests that determine the 
material as engineering plastic for final applications. The tensile behavior is 
probably the most fundamental mechanical property used in the evaluation of 
polymers. The basic aspect is to measure the yield strength, ultimate strength, 
% weight loss and various moduli, which are significantly employed to decide 
mechanical application. 
The tensile strength of a material is the ratio of the stress applied to 
material at the rupture to its original cross sectional area. The property is 
typically called ultimate tensile strength, i. e. the strength at break. The 
corresponding extension is called ultimate strain or ultimate elongation and is 
usually expressed as %.  
The tensile strength of ECBF, ECMF and EBBF are reported in Table 
6.1 along with BCF, EBF and EMF composites [7]. The observed trend in 
tensile strength is BCF > ECMF > EMF > ECBF > EBBF > EBF. From Table 
6.1, it is clear that ECBF, ECMF and EBBF composites possess intermediate 
tensile strength of BCF, EBF and EMF. This can be explained as the 
mechanical properties are strongly dependent on molecular weight and  
 
[7] J. K. Joshi, Ph.D. Thesis Saurashtra University, 2004 
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Table 6.1 The tensile strength of ECBF, ECMF, EBBF, BCF, EBF and 
EMF Composites    
 
 
Composite 
 
Thickness 
(mm) 
Tensile 
strength, 
(MPa) 
 
ECBF 
 
ECMF 
 
EBBF 
 
BCF [7] 
 
EBF [7] 
 
EMF [7] 
 
1.2 
 
1.1 
 
1.1 
 
1.2 
 
1.2 
 
1.1 
 
 
 
202 
 
236 
 
200 
 
250 
 
197 
 
219 
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structural geometry. High mechanical strength of BCF composite imparts high 
degree of cross linking density due to more number of cross-linking sites (–
CH2OH groups) as compared to rest of the composites. In case of 
halogenated and unhalogenated epoxy resins cross linking takes place 
through terminal epoxy and at pendant –OH groups, which leads to relatively 
low degree of cross linking and some what more flexible. 
  Introduction of electropositive group (-CH3 group) enhances adhesion 
with the glass fibers while electronegative group (-Cl / -Br group) reduces 
adhesion due to dipole-dipole interactions of the same type. Dipole-dipole 
interactions of the opposite type favor adhesion considerably. Thus, the 
structural effect is observed on mechanical properties particularly tensile 
strength. 
 [B] ELECTRICAL PROPERTIES OF COMPOSITES: 
 Discovery of synthetic polymeric materials has replaced the classical 
insulating materials like wood, rubber, asphalt, mica, amber and related 
materials mostly of natural origin. 
 To assess potential insulating material electrical properties like 
dielectric constant and power factor over a wide range of temperature and 
frequency, dielectric strength, volume resistivity and tracking and arc 
resistance are required. Polymers with outstanding resistivity, low dielectric 
constant and negligible power factor and all properties are unaffected by 
temperature, frequency and humidity over the usual range of service 
conditions are considered as electrical insulators. Polymeric materials with 
lower resistivity, higher dielectric constant and power factor and affected by 
conditions of the test are referred as polar polymers or moderate insulators.  
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 The use of polymers in engineering as dielectrics is becoming 
increasingly important. The choice of polymeric dielectrics for each concrete 
case depends upon its dielectric and other physical properties over a wide 
range of temperatures and electrical field frequencies. Investigation of 
dielectric properties is one of the most convenient and sensitive methods of 
studying polymer structure.  
   In general, epoxies are associated with good electrical properties. 
Aromatic amines and anhydrides are used preferably as curing agents. 
Resistance to high humidity is another prerequisite for good electrical 
insulation. To enhance such properties as track resistance, fillers like 
hydrated alumina are used. To meet non-burning requirements halogenated 
epoxy resin systems are employed. 
 In order to study the dielectric properties of composites, an ideal 
contact should satisfy the certain conditions: 
• It should not influence any resistance to the flow of the current. 
• It should not react chemically with semi conducting material. 
• The contact properties should not be affected by variation of ambient 
conditions like illumination, temperature, electrical field, etc. 
• The Ohm’s low should apply to the semiconductor with contacts.  
 The working voltage applied to an electrical insulating material must be 
much lower than the voltage, which causes the material rupture. Electrical 
discharge through a material at a minimum voltage is called break down or 
disruptive voltage Vbr [8]. 
[8] Kazarnovasky O. M., Tareev B. M., Forsilova I. O. and Lybimov L. I.: “Testing of 
Electrical Insulating Material”, Mir Publishers, Moscow, (1982). 
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The basic characteristic of an electrical insulating material is its 
breakdown or dielectric strength Ebr that is a minimum field that causes 
dielectric breakdown. The breakdown voltage (Vbr) is proportional to the 
electric field strength (Ebr) only if the field is uniform. It is common practice to 
use electrodes of a simple shape in the form of discs with rounded edges or 
as spheres. The field produced between such electrodes is very nearly 
uniform under certain conditions in a uniform field. 
   Ebr = Vbr t  … (1) 
   where t = thickness of material     
 Thus, the determination of break down voltage allows calculation of 
dielectric strength with measure of the thickness of the specimen at the point 
of rupture. 
 The dielectric strength is expressed in volts per mil (1 mil=0.001 in.) 
or volts per mm. The voltage required to produce break down is dependent 
on many factors [9]. 
 The electric strength, volume resistivity and dielectric constant of 
ECBF, ECMF and EBBF are reported in Table 6.2 along with BCF, EBF and 
EMF composites [7]. The electric strength of the materials is affected by 
several factors like duration and the rate of voltage applications, thickness, 
frequency of applied voltages, temperature, dimensions, geometry of the 
electrodes, environmental conditions etc [9].  
 The electric strength of the materials depend on various prevailing 
factors such as duration and the rate of voltage applications, thickness of the 
samples, frequency of applied voltages, temperature, dimensions, geometry 
of the electrode, environmental conditions, etc [10].  
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Table 6.2 Electrical data of ECBF, ECMF, EBBF, EBF and EMF resins 
 
Composite Thickness 
Electric 
strength in 
air at 27oC, 
kV/mm 
Volume 
resistivity, 
Ωcm 
Dielectric 
constant 
 
ECBF 
 
ECMF 
 
EBBF 
 
EBF[7] 
 
EMF[7] 
 
BCF[7] 
 
1.2 
 
1.1 
 
1.1 
 
1.1 
 
1.2 
 
1.2 
 
 
2.5 
 
4.2 
 
3.5 
 
4.7 
 
4.0 
 
15.7 
 
6.5 x 1011 
 
3.3 x 1011 
 
1.7 x 1014 
 
1.4 x 1014 
 
2.4  x 1014 
 
1.2 x 1012 
 
6.6 
 
3.3 
 
3.2 
 
3.3 
 
3.1 
 
4.2 
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The dielectric constant of the material depends mainly on the frequency and 
temperature. Most of the non-polar polymers possess dielectric constant of 
about 2-3. Introduction of the polar groups and H-bonding considerably 
increases the dielectric constant of the polymers up to 10-12. The presence of 
polar groups is responsible for the ‘leakage current’ and the electrical energy 
is dissipated as heat. A 3mm thick phenolic-glass composite [11] have 60-
350MPa tensile strength, 12-28kV/mm electric strength and 3.7-6.6 dielectric 
constant. From present and reported data on phenolic-glass composites, it is 
concluded that halogenated epoxy resin glass composites possess 
comparable mechanical and electrical properties even though thickness is 2.5 
times lesser than phenolic-glass composites. Volume resistivity is also in good 
agreement with unfilled PF resins (1011-1012Ωcm) [10]. 
 
 
 
 
 
 
 
 
 
 
[9] Hideaki O., Tsugifumi K., Shinichi Y., Jpn Kokai Tokkyo Koho Jp, 7 (1995) 288, 775; 
C. A. 124 (2) 65 (1996)  
[10]. Ghosh P. Polymer Science and Technology of Plastics and Rubbers, Tata McGraw 
Hill, New Delhi, 1982. 
[11] Judd NCW, Wright WW. Reinforced Plastics, (FRP Technology) Weatherhead RG. 
Applied Science Publishers Ltd., London, ch13, p 304-305, 1978. 
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SECTION-II: CHEMICAL RESISTACE OF COMPOSITES 
The chemical resistance of a plastic is evaluated by change in mass, 
linear dimensions and mechanical properties of material in the state of stress 
free and also by the tendency of the splitting in the stress-strain state after the 
samples have been exposed to reagents for a definite length of time [12]. 
 Test specification such as procedure of conditioning a specimen for a 
testing purpose, concentration of reagents, time and temperature of testing, 
apparatus and instrument should be described in more detail for chemical 
resistance.  
 The chemical resistance of a material can be determined by change in 
mass, change in linear dimensions and by change in mechanical properties. A 
brief description of each method is described below. 
(1) Chemical resistance by change in mass method 
 According to this method, the change in the mass of a test specimen 
after exposure of chosen reagents at temperatures of 20o, 40o, 60o and 100oC 
is determined. The test duration is dependent on the time required for plastic 
specimen to attain sorption, equilibrium to lose stability in the test medium. 
The specimens are weighed after 12, 24, 36, 48, 96 and 128h, and then after 
every seven days. The specimen that has passed the test may either lose or 
gain in mass. The chemical resistance of the material is determined by 
averaging the change in mass of several specimens. 
 The test specimens for molded or extended plastics are in the form of a 
disc (50mm in diameter and 3mm in thickness). The specimens are cut from a 
composite, laminate or sheet plastics, the end faces of laminated specimens 
[12]. Seymour R. B., “Treatise on Analytical Chemistry”, Vol. 111, p. 341-391, Inter 
Science Publication, New York  
 142 Physico-Chemical… 
are coated with same binder as used in the production of material in question. 
In case of rod samples, a length of rod should be 50mm.   
 After loading the specimen in a bath, the reagent is mixed or stirred at 
least once in a day. After every seven days, specimens are removed from the 
reagents once at a time, washed, dried and weighed. A percentage increase 
or decrease in the mass of a specimen is determined according to equation 2: 
∆M = [(M2 – M1)/M1] x 100  … (2) 
 Where ∆M is the change in the weight, M1 and M2 are the weights of 
specimen before and after immersion in a given reagent. 
(2) Chemical resistance by change in linear dimensions method 
The method is based on change in linear dimensions of specimen after 
prolonged exposure to a reagent. The form, size and number of specimens 
and the quantity of reagent must remain the same as in the change in mass 
method. Before testing, the thickness of central portion of the disc and two 
mutually perpendicular diameters of each specimen are measured after every 
seven days. After every seven days, the specimens are taken out from the 
bath, washed, wiped with a cloth and checked for the linear dimensions. The 
linear dimension in percent is determined according to equation 3: 
∆l = [(l2 – l1)/l1] x 100  … (3) 
 Where, l1 and l2 are linear dimensions of the specimens before and 
after immersion in the reagent. 
(3) Chemical resistance by change in mechanical properties method 
 This method is based on stability of mechanical properties of plastic 
under prolonged exposure to reagent. The form, dimensions and number of 
specimens of plastic materials are chosen in compliance with the standard. 
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After exposure to a reagent, the specimen are washed, wiped and tested for 
one or two most important characteristics such as tensile strength, flexural 
strength, impact strength, hardness, % elongation at break and mechanical 
stress in bending that causes a deflection equal to 1.5 fold thicknesses of the 
specimen. 
 The chemical resistance of composites against water and 10% each of 
aqueous HCl, NaOH and NaCl was measured by change in weight method for 
varying time interval (24h, 1week and 1month) at room temperature. 
RESULTS AND DISCUSSION 
The chemical resistance of ECBF, EBBF and ECMF composites was 
determined by change in weight method at room temperature for varying time 
interval (24h, 1week, and 1month). For this 5cmx5cm composites with edges 
sealed with corresponding resin were prepared. Pre weighed composites 
were immersed in distilled water and 10% each of aqueous HCl, NaOH and 
NaCl solutions at room temperature. The change in weight after 24h, 1week 
and 1month was determined and reported in Table 6.3. From Table 6.3, it is 
clear that the % weight has increased with time for each reagent. The 
increased in weight might be due to solvation phenomenon. The moisture 
uptake of halogenated epoxy-BCF-glass composites is observed some what 
higher than that of unhalogenated and BCF composites. Higher moisture up 
take is due to presence of polar side substituent (Cl, Br and CH3 groups) and 
main chain ether oxygen and residual pendant -OH groups, π−electrons of 
benzene rings also form weak H-bonding, which favor solvation. The moisture 
absorption of all halogenated composites (1.51-1.94) is comparatively less  
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Table 6.3 Chemical resistance data of ECBF, EBBF and ECMF resins 
  
% Weight change 
 
 
Resin 
 
Reagent 
24h 1 week 1 month 
 
       ECBF 
 
H2O 
10 % HCl 
10 % NaOH 
10 % NaCl 
1.94 
0.48 
0.88 
0.59 
4.48 
2.50 
4.13 
2.13 
6.61 
2.52 
8.40 
3.11 
 
       ECMF 
H2O 
10 % HCl 
10 % NaOH 
10 % NaCl 
1.79 
1.25 
1.37 
1.21 
4.98 
3.89 
4.65 
3.32 
5.91 
4.40 
7.48 
4.05 
 
       EBBF 
H2O 
10 % HCl 
10 % NaOH 
10 % NaCl 
1.51 
0.57 
0.96 
0.59 
4.71 
2.35 
4.04 
1.46 
6.58 
2.83 
5.23 
2.08 
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than that of phenolic composites (0.12-2.7%) after 24h. Thus, fabricated 
composites possess good chemical resistance even in relatively concentrated 
acid, alkali and salt solutions. 
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 Today coatings are not just used for decorative purposes but are used 
in almost ever facet of human life. Applications of sophisticated primers, 
surfaces and topcoats have greatly increased the life of coated article. 
Coatings have also triggered the development in the field of marine, 
automobile, architectural, maintenance and fiber optics coatings. Also, 
specifically coatings that control absorption or emission for temperature 
control, aircraft coatings that withstand the effects of UV radiation, absorption 
and the impact of air and dirt [1-2]. 
 The outstanding adhesive property of epoxy resins was first recognized 
by Preswerk [3]. At that time epoxy resin adhesives were recognized as the 
first cast-in-place adhesives featuring a versatile chemical functionality and a 
remarkable low shrinkage on curing. This led to adhesive joints with low 
internal stress. For the first time, it was possible to obtain reliable adhesive 
joints with excellent cohesion, structural integrity and outstanding adhesion to 
all kind of substrates.  
 Bonds could be made to metals and glass without resorting to the 
application of pressure irregular surfaces. Therefore the discovery of the 
bonding function of epoxy resins introduced a new concept in adhesive 
materials and inaugurated the modern approach to the technology of 
adhesive bonding. 
 
[1] Boatwright J. H.; Organic Coating: “Their origin and development”, R. B. Seymour 
and H. F. Mark Elesiver, p-9,  New York (1990). 
[2] Myers R. R., History of Polymer Science and Technology cd. R. B. Seymour and 
Marcel Dekker, p-69, New York (1982). 
[3]       Prieswerk E., Technica, Nos. 4 & 5, 247 (1965). 
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Modern adhesive technology has led to the development of many types 
of epoxy based adhesive systems. Adhesives have been formulated to meet 
various specifications and use criteria. The principal applications are in the 
field of structural metal bonding, particularly in the aerospace industry and in 
military equipments, as well as in miscellaneous small part assembly of 
plastics and metals. 
Key developments in coating industries 
• Early chemists relied on natural products for varnishes based on 
fossilized resins and natural oil. 
• Then attempts have been made to modify the natural resins to produce 
synthetic natural products. 
• Another key development of rubber and then phenolic resin followed by 
alkyd, urea and melamine formaldehyde resins. 
• Other ‘Leap frog’ achievements came in around 1944-silicone based 
paints and in 1947-epoxy resins. 
• There after the coating industry was revolutionized by development of 
PVA and acrylic lacquers, powder coatings, water-borne paints, UV-
cure coatings, cationic electro coatings and clear-over color top coats. 
Epoxy resins based adhesives can be produced in various forms: one 
– and – two part liquids, film, or solvent based. The wide variety of 
formulations is indicative of the advanced state of the art of epoxy 
adhesives. 
Generally epoxy resins with epoxy equivalent weight in the range of 
500-1000 are used in coating applications. Such oligomeric epoxy resins are 
commonly used in the coating area as they are responsible for exceptional 
 148 Surface Coating… 
high molecular mobility of resin and are generally in liquid form at room 
temperature and forming fluid solutions when dissolved in common organic 
solvents. This high mobile nature makes ease of fast through wetting of 
substrates, which is particularly important in coatings, reinforced structures 
and adhesives. 
 Epoxy resins are increasingly used polymeric species in coatings, 
adhesives, varnishes and enamels applications, as they are found chemically 
reactive with improved physico-chemical properties in various combinations of 
hardeners, different unsaturated fatty acids, polyesters, fillers and pigments.  
This great chemical reactivity in turn provides numerous compositions of 
coatings for various substrates, applicable in different environmental 
conditions.   
Coatings based on epoxies-hardeners-fatty acids compositions are 
widely discovered with modifications as per need, those are particularly 
incorporated in automobile, construction, marine, aircraft, electrical, food-dairy 
industries, leather and tanning industries and chemical industries. 
 Lidarik and Peterka [4] have reported epoxy adhesives for metals. 
They have proposed the use of resorcinol epoxides instead of dian epoxy 
resins. The curing time of adhesives at 200C can be reduced by using 
resorcinol epoxide cured by polyaddition of amine. The composition has good 
adhesion to metals. 
 Dainippon Ink and Chemicals Inc., [5] has formulated epoxy composition for  
[4] Lidarik M. and Peterka J., “Cold-setting epoxy-resin adhesives (for metals). J. Plaste 
Kaytschuk 11, 598-602(1964); Ger. C.A. 63, 18362 (1965). 
[5] Dainippon Ink & Chemicals Inc.; Epoxy resins. Japan 15,834 (1962), C.A. 63, 18385 
(1965). 
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coatings, adhesives and textile finishing. Ina typical formulation, the reaction 
product of Me (p-OHC6H4)2C (CH2)2 COOH (I) or its congeners with C12+ 
mono or polyhydric alcohols, followed by reaction with epoxy compounds, 
which undergo condensation with phenolic –OH of (I) gave epoxy resins 
useful as coatings. 
 Reinshagen et al [6] have formulated rapid drying epoxy resins ester 
coatings especially for metals. The typical formulation can be prepared by 
reaction of diglycidyl ether of bisphenol-A with 4, 4’-sulfonyl bisphenol (I), and 
then esterification of the resulting chain extended epoxy resin with a fatty acid 
derived from a drying oil such as linseed oil fatty acid. A 5 mil thick coating 
was tack free after 5 min. 
The use of epoxy esters in powder coating has two main advantages 
as compared with solvent-based system. 
(1) Absence of solvents reduces health and safety hazards. 
(2) For special heavy-duty application, a high film thickness can be 
obtained in one application without danger of solvent evaporation or 
film porosity. 
Suitably modified epoxy esters are also used for both anodic and 
cathodic electro deposition as automotive primers. 
Although epoxy esters have similarities with alkyd resins, they offer 
films with some superior film properties in particular, adhesion, flexibility, 
chemical resistance and color. 
 They have advantage of air-drying or stoving or they can be co-cured 
with phenolic or amino resins. The epoxy esters can be applied by roller coating, 
[6] Reinshagen H. Alan, Edeiman, Leonard E, “Rapid drying epoxy resin ester”, U.S. 
3,975,322 (1974), C.A. 85, 17145 (1976). 
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spraying and brushing or electro deposition.  
Also they offer advantages like 
• Excellent flexibility 
• Better chemical resistance 
• Excellent durability 
• Good adhesion 
• Ease of handling 
• Rapid air dry or back curing 
• Good film toughness 
Above all these advantages make epoxy esters a versatile coat almost 
used in every facets of life such as 
• Automotive primers 
• Appliance primers 
• Flexible tube coatings 
• Drum linings 
• Marine finishes 
• Floor sealers and top coats 
• Metal decorating lacquers 
• Enamels for hardware and metal furniture 
• Industrial maintenance primers and top coats 
EXPERIMENTAL: 
 ECB / EMF / EBB (1 g) and BCF (0.5 g) were dissolved in 50 ml of 
acetone and applied on 5 cm x 1 cm aluminium, copper and steel plates by 
means of a smooth brush. All the plates were allowed to dry at room temperature 
for 30 mins. The dried plates were heated in an oven below 90oC for 2h to 
ensure complete evaporation of solvent from the coatings. Then coated plates 
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were post cured at 150°C for 2h to complete curing. A very fine coating was 
observed on plates with good adhesion to the substrates. The average thickness 
of coatings on various plates is displayed in Table-7.1.   
The coated plates were tested for chemical resistance and surface 
conductivity. 
(1) Surface conductivity 
 The insulation property of coatings was measured by two probes 
standard multimeter Model No. S-200, Dot Tech. The surfaces of all metal 
plates were found insulating (resistance>2000MΩ). The current surface 
conductivity test was carried out at several places of the same plate to ensure 
perfect insulation property of coating.  
(2) Chemical resistance of coatings:  
 All the coated plates were subjected to chemical resistance by 
immersing in each of 10% HCl, NaCl and distilled water. The immersed plates 
were observed periodically. All coated plates were intact up to 24h and then 
coating was deteriorated slowly and coated films removed from the substrate 
surface. This might be due to small cavities at the surfaces or cavities due to 
entrapped solvent molecules on the film’s surface.  
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Table 7.1 Average thickness of coatings on metal plates 
Thickness, µm  
Resin Aluminium Copper Mild Steel 
ECB 20 16 13 
ECM 11 26 63 
EBB 23 40 16 
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A COMPREHENSIVE SUMMARY OF THE WORK 
 
This chapter of the thesis deals with the brief summary of the work. 
CHAPTER – I 
 This chapter describes general introduction, the up to date literature 
survey on bisphenols and epoxy and phenolic resins of bisphenols and their 
glass reinforced composites. 
CHAPTER – II 
 This chapter deals with the synthesis of monomers, such as BC, 
MeBC, ClBC, ClMeBC, BrBC and curing agents BCF and DDC; it also 
includes synthesis of halogenated epoxy resins.  
CHAPTER – III 
 This chapter includes determination of epoxy equivalent of halogenated 
epoxy resins, their curing study and IR spectral characterization of cured 
halogenated epoxy resins. Halogenated epoxy resins (ECB, ECM and EBB) 
were cured by using different curing agents such as bisphenol-C-
formaldehyde resin (BCF), pyromellitic dianhydride (PMDA), tetrachloro 
phthalic anhydride (TCP), 4,4’-diamino diphenyl methane (DDM) and 4.4’-
diamino diphenyl cyclohexane (DDC) in different proportions like 10, 20, 30, 
40 and 50% of the weight of the corresponding resin were dissolved and 
heated slowly to evaporate acetone. Then the mixture was further heated at a 
specified temperature. The curing time and temperature for each resin and 
curing agent system were determined (Table 3.2). Resins did not solidity with 
DDM and DDC systems at 1500c even up to 360 min and solidified on cooling. 
Curing time decreased with increasing amount of BCF, TCP and PMDA. The 
reactivity of halogenated resins with curing agent was concluded on the basis 
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of curing time data. BCF, PMDA and TCP cured resins were found insoluble 
in common solvents such as acetone, methanol, chloroform, DMF and DMSO, 
while DDC and DDM cured resins were soluble in acetone, DMF and DMSO. 
Insolubility of the cured resins confirmed the formation of network structure.  
CHAPTER – IV 
 This chapter deals with thermal analysis of cured resins. DSC/DTA and 
TG thermograms of BCF, PMDA, TCP, DDC and DDM cured epoxy resins 
samples were scanned at the heating rate of 10oC / min in an N2 atmosphere. 
 From TG thermograms it is found that the degradation process 
followed two-step decompositions. The second steps involved small weight 
loss at higher temperatures. BCF cured resins shows somewhat high thermal 
stability than that of PMDA, TCP, DDC and DDM cured resins. The kinetic 
parameters: the energy of activation (E), frequency factor (A) and the order of 
the degradation (n) are derived according to Freeman-Anderson method. The 
entropy change (∆S*) is calculated at the temperature of maximum weight 
loss. 
 The degradation reactions followed fractional, first or second order 
kinetics. Tmax for cured ECB resin is almost same for different hardeners used, 
while for ECM and EBB resins it is somewhat different for first step 
decomposition. For second step, Tmax is different for different hardeners used 
for all resins. First step involved 40-67% weight loss while second step 
involved 11-34% weight loss. In certain cases kinetic parameters for second 
step are not determined due to small weight loss. 
          The ether, ester/amine and halogen linkages are weak points in the 
cured resins, which degrade selectively and radicals are formed, which may 
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further combined to form new compounds and degrade at elevated 
temperature to yield low molecular weight products. The endo / exo thermic 
transitions above the decomposition temperatures might be due to the 
formation of new compounds as a result of degradation and endo / exo 
thermic transitions below IDT might be due to some physical change probably 
due to Tg. The endothermic transitions at higher temperatures might be due to 
formation of new compounds as a result of degradation of cured resin 
molecules and exothermic transitions might be due to oxidation or 
degradation product(s). 
CHAPTER – V 
 This chapter of the thesis describes preparation of glass reinforced 
halogenated epoxy resins composites. Composites of ECB, ECM and EBB 
resins were prepared by using 50% bisphenol-C-formaldehyde (BCF) as a 
curing agent, glass cloth as a reinforcement matrix and acetone as a solvent 
at 150oC under 2 tons/sq. inch pressure for 2 h, and at room temperature for 
15 h.  
CHAPTER – VI 
 This chapter deals with the measurements of the mechanical and 
electrical properties and chemical resistance of the composites fabricated. 
ECM fabricated composite showed somewhat better thermal and mechanical 
properties than ECB and EBB composites, while thermal and electrical 
properties of BCF composite are superior to that of ECM, EBC and EBB 
composites. 
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 The chemical resistance of ECBF, ECMF and EBBF composites was 
determined by change in weight method at room temperature for varying time 
interval (24h, 1week, and 1month). The increased in weight might be due to 
solvation phenomenon. The moisture uptake of halogenated epoxy-BCF-glass 
composites is observed some what higher than that of unhalogenated and 
BCF composites. The moisture absorption of all halogenated composites 
(1.51-1.94) is comparatively less than that of phenolic composites (0.12-2.7%) 
after 24h. Thus, fabricated composites possess good chemical resistance 
even in relatively concentrated acid, alkali and salt solutions. 
 CHAPTER – VII 
 This chapter describes coating of halogenated epoxy resins on 
aluminium; copper and steel plates. All the plates were dried and heated in an 
oven at 900C for 2h to ensure complete evaporation of solvent from the 
coatings. Then coated plates were post cured at 1500C for 2h to complete 
curing. A fine coating was observed on plates with good adhesion to the 
substrates. The coated plates were tested for their surface resistivity and 
water, acid and salt resistance. The surface resistivity was found more than 
2000 MΩ. The coating was deteriorated slowly after 24 h due to small cavities 
at the surfaces or cavities due to entrapped solvent molecules on the film’s 
surface.  
 
 
